SCIENCE APPLICATIONS INC LA JOLLA CA F/6 18/3

ROSCOE MANUAL:» VOLUME 17~1 = HIGH=ALTITUDE OEBRIS~ENERGY DEPQSI——ETC{U)
JUN 79 D A HAMLIN: B F MYERS» M R SCHOONOVER DNAOOI'TS'C-O!

UNCLASSIFIED SAI-78~604~_J~3 DNA-3964F=17=1

Rhys

AD~ACSH 991




10 ﬁfr e fl22
= )z

[ K
""l i L
— L
12 flis ne

MICROCOPY RESOLUTION TEST CHAR]

~~~~~~ eemesss—




ST =

DNA 3964F -17. 1

THE ROSCOE MANUAL
Volume 17-1-High-Altitude Debris-Energy Deposition

Science Applications, Inc.

1200 Prospect Street

ADA084991

La Jolla, California 92038

30 June 1979

Final Report for Period 1 January 1976—30 June 1979

CONTRACT No. DNA 001-76-C-0194

APPROVED FOR PUBLIC RELEASE; ?
DISTRIBUTION UNLIMITED.

THIS WORK SPONSORED BY THE DEFENSE NUCLEAR AGENCY
UNDER RDT&E RMSS CODES B322076464 S8AQAXHC06237 H2530D,
B32207T464 S99QAXHC06237 H2590D, B322077464 S99QAXHI00426
H2590D, B322078464 S99QAXHI00426 H2590D, AND B322079464

: S990AXHI00426 H2590D.
| DTIC

ELECTE
» Prepared for JUN4 1980 !
Z__}, Director
8 DEFENSE NUCLEAR AGENCY

Washington, D. C. 20305

Z 8¢ 4 23 101 |

e e e R e e e T




A N A

R

Destroy this report when it is no longer
needed. Do not return to sender.

PLEASE NOTIFY THE DEFENSE NUCLEAR AGENCY,
ATTN: STT1, WASHINGTON, D.C. 20305, IFf
YOUR ADDRESS IS INCORRECT, IF YOU WISH TO
BE DELETED FROM THE DISTRIBUTION LIST, OR
IF THE ADDRESSEE IS NO LONGER EMPLOYED BY
YOUR ORGANIZATION.

.o '.
07
K]

‘g *

RO e



UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE

READ INSTRUCTIONS
BEFORE COMPLETING FORM

1. REPORT NUMBER 2. GO[IT ACCESSION NO||
-

DNA 3964F-17-1 e 4 os¢ 77/

By

3. RECIPIENT'S CATALOG NUMBER

4. TITLE (and Subtitle)

THE ROSCOE_MANUAL . .
Volume 17-1—High-Altitude Debris-

5. TYPE OF REPORT & PERIOD COVERED
Final Report for Period
1 Jan 76—30 Jun 79

e

Energy Deposition 4

6. PERFORMING ORG. REPORT NUMBER

SAI-78-604-13-3 —

7. AUTHOR(s)

Daniel A. Hamlin
Benjamin F. Myers
Melvin R. Schoonover

8. CONTRACT OR GRANT NUMBER(S)

DNA 001-76-C-0194 —

9. PERFORMING ORGANIZATION NAME AND ADDRESS
Science Applications, Inc. _.-
1200 Prospect Street
La Jolla, California 92038

10. PROGRAM ELEMENT. PROJECT, TASK
AREA & WORK UNIT NUMBERS

Subtasks S99QAXHC062-37
and S99QAXHINN4-26

ti. CONTROLLING OFF|CE NAME AND ADDRESS
Director

12. REPORT DATE

30 June 1979

Defense Nuclear Agency
Washington, D.C. 20305

13. NUMBER OF PAGES

100

14. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Olfice)

UNCLASSIFIED

15. SECURITY CLASS (of this report)

/

buL

15a. DECL ASSIFICATION'DOWNGRADING
SCHE E

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release; distribution unlimited.

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, if different from Report)

18. SUPPLEMENTARY NOTES

S99QAXHI00426 H2590D.

This work sponsored by the Defense Nuclear Agency under RDT&E RMSS Codes
B322076464 S99QAXHC06237 H2590D, B32207T464 S99QAXHCN6237 H2590D, B322n77464
S99QAXH100426 H2590D, B322078464 S99QAXHI00426 H2590D, and B322079464

19. KEY WORDS (Continue on reverse side if necessary and identify by block number)

RGSCOE

Radar Blackout Code

Infrared Blackout Code

Energy Deposition by X-rays

Energy Deposition by Ultraviolet Radiation

20. ABSTRACT (Continue on reverse side if necessary and identify by block number)

Models of the high-altitude debris-energy partition and deposition have been
revised for use in ROSCOE-IR. The principal motivation has been to provide
for the increase to 23 from 11 species carried in the high-altitude grid

chemistry. However, wherever feasible, corrections, improvements,
ing of the models have been incorporated. Section 4 (UV Source Characteris-
tics) and Section 9 (UV Deposition) of Volume 17 have been modified, and

Section 7 (Partitioning of the Deposited Debris Energy and Conseauent Species

and updat-

DD '52:'{” 1473 E0iTioN OF 1 NOV 6515 OBSOLETE

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Deta Entered)




-,

-

rer

Ry

5

-l
N
1

-

%
b
3
E's.
%
7

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

20. ABSTRACT (Continued)

(Subroutine HPCHEM)) and Section 10 (Prompt Chemistry Associated with Group-X
and Group-U Energy Deposition (Subroutine PCHEM)) of Volume 17 have been com-
pletely revised. The remaining sections in Volume 17 are unchanged.

ACCESSION for o

NTIS White Section

DbC Buff Section [

UNANNYINGED (w]

JUSTE ICATION . _

BY -

_DlSTRlBﬁHGN/AVMUBlU" CODES

Dist  Aviil._and /or IPECIL
=

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE/When Data Fntered)




Conversion factors for U.S. customary
to metric (SI) units of measurement.

To Convert From To Multiply By
angstrom meters (m) 1.000 000 X E -10
atmosphere (normal) kilo pascal (kPa) 1.01325 XE +2
bar kilo pascal (kPa) 1.000 000 X E +2
barn meter® (m%) 1.000 000 X E 28
British thermal unit (thermochemical) joule (J) 1.054 350 X E +3
calorie (thermochemical) joule (J) 4.184 000

cal (the1"mot:hemical)/cm2
curie

degree (angle)
degree Fahrenheit
electron volt

erg

erg/second

foot

foot-pound -force
gallon (U.S. liquid)
inch

jerk

joule/kilogram (J/kg) (radiation dose
absorbed)

kilotons

kip (1000 Ibf)
kip/inch? (ksi)
ktap

micron

mil

mile (international)

ounce

pound-force (lbs avoirdupois)
pound -force inch

pound -force /inch
pound-force/foot2
pv.)und-fm‘ce/inch2 (psi)
pound-mass (ibm avoinlupois.)
pound -mass -foot2 (moment of inertia)

pound -maas/foot3

rad (radiation dose absorbed)
roentgen

shake

slug
torr (mm Hg, 0°C)

mega joule/m2 (MJ/mz)
*giga becquerel (GBq)
radian (rad)

degree kelvin (K)
joule (J)

joule (J)

watt (W)

meter {m)

joule (J)

meter3 (ms)

meter (m)

joule (J)

Gray (Gy)
terajoules
newton (N)
kilo pascal (kPa)

newton-second /m2
(N-8/m*=)

meter (m)
meter (m)
meter (m)
kilogram (kg)
newton (N)
newton-meter (N.m)
newton/meter (N/m)
kilo pascal (kPa)
kilo pascal {kPa)
kitlogram (kg)
kilogram-mete r2
(kg -m2)
kil«:)[gmm/meter3
(kg/m3)

«»Gray (Gy)

coulomb /kilogram
(€ /kg)

second (s)
kilogram (kg)
kilo pascal (kPa)

4.184 000 X E -2
3.700 000 X E +1
1.745329 X E -2

= (1°f + 459.67)/1.8
1.60219 XE -19
1.000 000 X E -7
1.000 000 X E -7
3.048 000 X E -1
1.355 818

3.785412 X E -3
2.540 000 X E -2
1.000 000 X E +9

1. 000 000

4.183

4.448 222 X E +3
6.894 757 X E +3

1.000 000 X E +2
1 000000X E -6
2.540 000 X E -5
1.609 344 XE +3
2,834 952 X E -2
4.448 222

1.129 348 X E -1
1.751 268 X E +2
4.788 026 X E -2
6.894 757

4.535 924 X E -1

4.214 011 X E

U
(3

1.601 846 XE +1
1.000 000 X E -2

2.579760 X E -4
1.000 000 X E -8
1.459390 X E 41
1.33322 XE -1

*The becquerel (Bq) is the SI unit of radioactivity; 1 Bg - 1 event/s.
**The Gray (Gy) is the S! unit of absorbed radiation.

gy

A more complete listing of conversions may be found in "Metric Practice Guide E 380-74,
American Society for Testing and Materials.




TABLE OF CONTENTS
Section

1 ~ UV SOURCE CHARACTERISTICS (Modification of
Section 4 of Volume 17)

PARL.L+IONING OF THE DEPOSITED DEBRIS ENERGY AND
CONSEQUENT SPECIES (SUBROUTINE HPCHEM) (Revision
of Section 7 of Volume 17)

2-1 INTRODUCTION--=---c=c—mmmmmmcccmmcce e e eees 9
2-2 ESTABLISHMENT OF PARAMETERS +=--==c-=--cc==ac-ux 10
2-3 INELASTIC COLLISIONS-===-m==cm=-emco-mmcamecan 19 ;
2-4 ELASTIC COLLISIONS--=-=rmm-=m=--cmeom-mecme—ne 26 :
2-5 COMBINED RESULTS FROM INELASTIC AND
ELASTIC COLLISIONS-=-mmmwmmommccceem—cmcem——e- 30
3 UV DEPOSITION (Modification of Section 9 of
Volume 17)==ccemmmmmc e mmmeeemcmmccccmmccmmeeeam 35
3-1 INTRODUCTION=--ecmaecccccmmm e e mcccceemcmccammm o 35
3-2 SUBROUTINE PLINE (Modification of Section ;
9.1.8.c of Volume 17) ccememmcccccccecemeee e 35 ]
3-3 SUBROUTINE PINT (Modification of Section
9.2 of Volume 17) cecccmmmcccaccmme e ccceee 35
3-4 SUBROUTINE BEDGE - e o comm e cececcmmmm e e e 36
3-4.1 Modification of Section 9.3.1 of '
Volume 17----cc-mccmcccmcccecceeeee oo 36 !
3-4.2 Modification of Section 9.3.2 of ;
Volume 17--=-=c=m-mmcmmmeccmcmcceemaa 36 ;
3-4.3 Modification of Section 9.3.3 of {
Volume 17------ccccrmccccrme e ceme e 36 ;
3-5 SUBROUTINE PHEAT (Modification of Section ?
9.4 of Volume 17)-=--mm-mcemcmmccccmmcmeeeoeee 36 i
4 PROMPT CHEMISTRY ASSOCIATED WITH GROUP-X AND {
GROUP-U ENERGY DEPOSITION (SUBROUTINE PCHEM) P
(Revision of Section 10 of Volume 17)-----=-------- 37 =
4-1 INTRODUCTION-----c==mcccmcmmmeeccomeccacema- 37

4-2 DETERMINATION OF INITIAL SPECIES FOR
COMPUTING THE PROMPT CHEMISTRY ASSOCIATED

o oalmeto

WITH GROUP-X AND GROUP-U ENERGY DEPOSITIONS--- 38
4-3 TIONIZATION AND SPECIES DLKSITIES FROM

CROUP-X DEPOSITION--====m=c==mcommmomcoamaacan 40

4-3.1 Introduction---=------mcmomcmomaoooo 40

4-3.2 The Major Steps-=------cecccmomcomaooao 40
4.4 TIONIZATION, SPECIES DENSITIES, AND RESULTANT

PRESSURE FROM GROUP-U DEPOSITION-------------- 58




TABLE OF CONTENTS (Continued)

Section Page
5 REFERENCES--==--cmo e s mmcmc e e eccm e e mme e m e m e 75
APPENDIX
A SPECIES FROM X-RAY DEPOSITION-----==-w=-e-c---=o--- A-1

A-1 INTRODUCTION--=-cmm=mmcmecemcmmac=ccmce—ace———- A-1
A-2 PRINCIPAL SPECIES FORMATION----c-ccmceocma~—-- A-1
A-2.1 Ion Formation Following High-Energy
Photon Absorption in an Ambient
Atmosphere---=-------ccc-ccoeummnoman- A-2
A-2.2 1Ion Formation in Chemically-Disturbed
Atmospheres---=-===-===--c-c-eecacmemo-- A-7
A-2.2.1 Effect of Ambient Electrons--- A-9
A-2.2.2 Effect of Ambient Ions----~--- A-9
A-2.2.3 Addition of Nitrogen Atoms
as . sorbers~=-----~-ca---s-o-- A-10
A-2.2.4 Mean Energy per Ion Pair------ A-12
A-2.3 Neutral Species Formation from Non-
Ionizing Collisions~--=---=rwec-=--v--- A-12
A-3 C02 LOSS FOLLOWING X-RAY DEPOSITION:.we-c=-v--- A-15



3

""3’ ‘Q."'""" “.;-. e

¢ .

. ,..~"_\‘}3

T e

Table
2-1

2-3
2-4

4-1

4-2
4-3
b=t

4-5a
4-5b

4-5¢

4-6
A-1

A-3

LIST OF TABLES

Page
Heavy-particle prompt-chemistry reactions from
ionizing collisions------~--cccccccmmmmmcccmce oo 11
Heavy-particle prompt-chemistry reactions from
non-ionizing collisions------ceccmmcmmmmccee oo 13
Parameters for the idealized cascade of elastic-
collision energy and ionization energy--------~-=------ 17
Prescribed prompt recombination of (minor) charged
species not carried in late-time grid chemistry-------- 21
Inputs to Subroutine PCHEM from BUF2 array for those
cell quantities updated by Subroutine HPCHEM as a
result of debris deposition---------=cocecomcccnnaoo 39
Prompt-chemistry reactions assumed during x-ray
deposition for Group-2 (minor species) particles------- 43
Ion-production reactions for Group-1 particles (Nj,
0,, N, 0) during x-ray deposition-----=------cecuZeoo- 47
Prompt-chemistry reactions assumed during x-ray
deposition for the Group-3 particle-------=-cccoueea-- 55
UV photoabsorption cross-sections (N,, 0p)----~------- 60
UV_photoabsorption cross-sections (N(AS), N(ZD),
N(2P), 0, NO)--=mmm-—mmmmmmo e mom e e oo oo eeem 61
UV photoabsorption cross-sections (NO,, Oz(lAg),
0,, H, H,0, OH, HO,, CO,, CO, He)----Z-c-Zeo-Baoonoo 62
3 2 2 2
Reactions for Group-U deposition------------c-~coamouo 65
Constants used in Equation (Al) relating absorber
and species formed per absorbed photon---------------- A-3
Comparison of predictions using Equation (A2) with
earlier, detailed calculations-----==---c-cemcncmcanmnu- A-5
Comparison of ion species per ion pair calculated
according to (a) the new method, (b) the detailed
method [MS-76a], and the older ROSCOE-Radar method
[HS-75b]-==-ccmmmmcmcmcccmdccccmccccmc e e e A-8




LIST OF TABLES (Continued)

Table

A-4

Parameters used in the expressions for partitioning
the deposited energy between the neutral and
ionized gases

Energy-loss function values for CO, and N,y up to
1 keV

Values of the species-loss frequency, F(S), for
COy and Ny as a function of altitude, electron
density, and photoelectron energy




-~ AR

A b
s

YT LN

2

. prﬂ’,r(
’ [

SECTION 1
UV SOURCE CHARACTERISTICS

(Modification of Section 4 of Volume 17)

Subroutine EUXFIT did not require a change for ROSCOE-IR per
se, but we have done so anyway so that the routine would conform to
Sappenfield's 1975 report [Sa-75a] instead of the 1971 report [FS-7la]
by Fajen and Sappenfield. The upgrading involves a modified formula
as well as altered coefficients. We also correct an error near the end
of the routine where the total hydro yield was used instead of that
part of it left after the loss-cone and ion-leak portions had been

removed.
Equation (26) in Volume 17 is still used with two exceptions:
1. For the second energy group, use x = 1/K instead
of x = 1n K,
2, For K <40, the coefficients in Equation (26) for the

first and third energy groups are given by a

different set of wvalues.
As implied in Volume 17, we again add the coefficients for the fifth
and sixth energy groups given in Sa-75a to get the coefficients we use
for the fifth energy group in the code.
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SECTION 2

PARTITIONING OF THE DEPOSITED DEBRIS ENERGY
AND CONSEQUENT SPECIES (SUBROUTINE HPCHEM)

(Revision of Section 7 of Volume 17)

2-1 INTRODUCTION

The principal motivation in revising Subroutine HPCHEM for
ROSCOE-IR has been to provide for the additional species carried in the
high-altitude grid chemistry. The revision is extensive yet minimal.
We retain the original philosophy of the model (based on a light-energy
deposition) and employ a reasonable procedure to avoid malfunction when
the model is applied to heavy energy-deposition cases. We do this by a
modified procedure for limiting the total energy deposited so as to
avoid complete burnout of diatomic molecules. We also correct a state-
ment in Volume 17 for the maximum allowed elastic-energy deposition
(HPEMAX) .

Subroutine HPCHEM partitions the total energy lost in each
cell by loss-cone, ion-leak, and CHEX particles undergoing inelastic
and elastic collisions. The energy is partitioned into heavy-particle
thermal, electron thermal, dissociation, ionization, excitation, and
radiation. A model of heavy-particle prompt chemistry is also used to
compute the changes in number densities of N(AS), N(ZD), N(ZP), N2, NO,
NO,, O, 02(x3zé), 02(alAg), 04, €O, €Oy, H, OH, HO,, Hy0, He, N*, N},
Not, ot, O;, and electrons.

One of the simplifications made in depositing the heavy-
particle energies is that the range-energy relation used in Subroutines
DEPO and CHXDEP is based on the total mass density of a cell whereas in
Subroutine HPCHEM only the neutral species are considered as targets.
The modeling of the associated heavy-particle prompt chemistry is based
on a speculative treatment [HM-72b, Section 6; HL-73b, Section 5],
modified by the need to interface with the late-time grid chemistry.
(The rationale for the heavy-particle prompt-chemistry modeling, to the
extent it exists, will not be repeated here.) In this late-time chem-
istry, for atomic oxygen only 0(1D) is accounted for (implicitly) as an

o
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excited term. Thus, 0(18) is purposely excluded as a possible reaction
product of the heavy-particle prompt chemistry.

In Tables 2-1 and 2-2 we summarize the reactions from in-
elastic (ionizing) and elastic (non-ionizing) collisions that are
modeled in the prompt chemistry from heavy-particle energy deposition.
The species density in the right-most columns are initial and not (more

correctly) current values.

2-2 ESTABLISHMENT OF PARAMETERS

In Subroutine HPCHEM, before dealing explicitly with the par-
titioning of the species and energies from the inelastic and elastic
collisions, we must take a number of preliminary steps and establish

several parameters used in the modeling.

1. From the extended core storage for the cell of
interest, obtain the total mass density p(g/cm”)
and the number densities (cm‘3) of the neutral
species.

2, For both the inelastic- and elastic-collision
contributions, sum the specific energies deposited
by the loss-cone (PEI and PEE), ion-leak (QEI and
QEE), and CHEX (CEI and CEE) particles.

e;(erg/g) = PEI + QEI + CEI
ee(erg/g) = PEE + QEE + CEE
3. Compute the number density of nuclei in the neutral
species.
Al = [N(“s)] + [NC*D)] + [N(*P)] + [0] + [H] + [He]
A2 = [N,] + [NO] + [0,(X)] + [0,(a)] + [CO] + [OH]
A3 = [NO,] + [04] + [CO,] + [HO,] + [H,0]
n = neutral-particle nuclei cm™3

= Al + 2 x A2 + 3 x A3

10 "




Table 2-1. Heavy-particle prompt-chemistry reactions
from ionizing collisions.

Branching Number of Ionizing

Reaction Ratio* Reactions, cm~ é

’ N(Ys) » B + e 1.0 (8¢(*s)1lel/n ?

. N(PD) - N + e 1.0 [(8¢?*D)1[e]/n i

g N(ZP) >N + e 1.0 [N(ZP)][e]/n ;

. . ‘ Ny + e a ) N

. 207 Inchsy +nt 4 e b 2ltel/n 3

& NoT + e a ]

NO = N(“S) +ot +e b/2 2[NO][e]l/n f

o3p) + Nt + e b/2 E

€ NO + e > NO + O a i

. NO, - (NO +0T +e b/2 3[N0,1[e]/n ]

o(3p) + NOt + e b/2

. 0 ot + e 1.0 (0][el/n ;

. . (0 + e S

2 7 o@Bpy + ot 4 e b ltel/n i

0 + e+ 0, +0 a :

03 =+ (0, + ot +e b/2 3[04]1[el/n

0C’?) + 0F + e b/2 1

‘ (continued) ?
*a = 1/1.35, b = 0.35a,

n = number density of nuclei in neutral particles.




Table 2-1 (Cont'd)

Branching Number of Ionizing
Reaction Ratio® Reactions, cm-3
cot+e-c+o0 a
?, co - oy +ct + e b/2 2[collel/n :
c+ot+ e b/2
.- COy + e > CO + 0 a
Co, o3p) + cot + e b/2 3[¢0,1[el/n
; C+0
E
. co+ot+e b/2 ;
é H -~ H +e > H 1.0 [Hl[e]l/n
% o' +e+0+H a |
- OH - o’p) +H + e b/2 2[0H][el/n
: é H |
23
H+o +e b/2
( HOZ + e ~>0H+O0 a \ :
; o3p) + out + e b/4 |
» O+H |
+ > ’
Ho, »{ o+ 0" +e b/4 3[H0,1[e]/n
H+ 0y +e b/4
' 0, +H +e b/4
\ H / :
: N |
] H,0© + e ~OH + H a
3 H,0 » H+ oH + e b/2 3(H,01[e]l/n
3 O+H
‘ +
’ OH + H + e b/2
? H
He -~ Het + e » He 1.0 [Hel[el/n

falaen ..
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Table 2-2. Heavy-particle prompt-chemistry reactions from
non-ionizing collisions.

et it aas

energy.

13

B
) -
- s s .

Branching Number of Fast
Reaction Ratio* Cascade Particles,* cm-3
Slow Fast ?
Y 4 ‘
N(AS) IIJ( S) 4/20
| Nz {+NCD)) N(?D) 10720 [Nln_/n
2y 2
¢ + NCP) IN(ZP) 6/20
B 4
N(*S) 4/20
» 4 2
_ N2 - N('S) + N(“D) 10/20 2[N2]n /n
| A ? c
. & N(“P) 6/20
' . o(3p) c/2
b % N( S) + 1
= 0("D) d/2
& No - N('S)  (4/20)/2 2[N0)n, /n
f 4
. o’r) + SN(PD)  (10/20)/2
2 N(%P)  (6/20)/2
¥ 0(3p) c/2
2 NO + 1
g - NO, ~ 0("D) d/2 3[N02]nc/n
o(3py + NO 1/2
,f (continued)
%
c=9/14, d = 5/14,
n_ = number density of particles in cascade of elastic-collision
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Table 2-2. (Cont'd)

Branching Number of Fast 3
Reaction Ratio* Cascade Particles,* cm”
Slow Fast .
o R ‘ O(3P) c I [0ln /
| ot d | fel®
0, (X) 0(3p) c
0, z‘ 2 §+ 0(3P) ; 1 I 2[02]nc/n
|+0, (a) o(lp) d f
3
; 0(°P) c/2
0, | o
0y o(lp) /2 3[0;1n_/n
0(3p) 0, 1/2
3
‘ 0(°P) c/2
C .
co - | o¢lp) d/2 2[C0In /n
0(3p) c 1/2
3
0(3p) c/2
co |
co, - | odlpy  ar2 3[¢0,Jn /n
0(3p) co 1/2
H -+ H 1.0 [H]nc/n
‘ 0(3p) /2
H
OH - | o¢ln) d/2 2[OH]In_/n
0(3p) H 1/2
(continued)
14
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Table 2-2. (Cont'd)

Branching

Number of

Reaction Ratio* Cascade Particles,* cm™3
Slow Fast
; 0(3p) A
OH + 1
[ oclp) a/4
HO, - OCP) + OH /4 3[HO,In_/n
H + 02 1/4
0, + H 1/4
OH + H 1/2 [ ]
H,0 > 3[H,0]n_/n
2 B +  ou vz 27 e
He > He 1.0 [He]nc/n

15
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4, Compute the threshold-energy parameter used in modeling the
cascade of elastic energy.

[N]
[0,]

IN(*s)] + [NCPDY] + [N(ZP)]
[0,% 32201 + [0,¢a ‘2]

E, = {28.44[N] + 39.04[N,] + 26.04[N0] + 12.48[N0,] + 23.4[0]

+ 20.48[02] + 4.20[03] + 44.44[COY + 21.80[C02]

el

+ 22.0[H] + 17.60[0H] + 9.40[H02]

+ 20.48[}{20] + 40.00[He]l}/n

In this equation the coefficient of [0] includes the
replacement of =_(0) by em(O) + €,(0) in Eq. (68) of
HM-72b (or Eq. (40) of HLT73b). A similar remark
applies to the other atomic species. Values of the

iy S S RN

{?v parameters used are given in Table 2-3. |
jé: 3. Compute the weighted value of the energy removed per
- collision in the cascade of elastic energy. |

e(eV) = {14.22[N] + 47.96[N2] + 29.94[NO] + 21.64[N02]

+ 11.70[0] + 31.64[02] + 23.5[03] + 45.62[CO]

e

+ 34.30[C02]+-11[H] + 30.20[OH] + 23.40[H02]

+ 30.24[H20] + 20[He]l}/n

6. It is necessary to limit the deposited specific energies to
values less than those required, according to the model, for
complete ionization and (effective) dissociation of the
neutral-particle densities. In establishing such a limit s
one needs to recognize that the model used here for parti- :
tioning the deposited debris kinetic energy is a lineariced ;
theory and hence more appropriate for a light than heavy i
deposition of energy. The probability for destruction of ¢
an ambient target particle is assumed to be proportional to
the initial (and not a current) density of the particular
target species. This probability is also weighted by the
number of nuclei in the target particle. That is, the cross
section for destruction is assumed to be proportional to ‘




Table 2-3. Parameters for the idealized cascade of
elastic-collision energy and ionization
energy (eV).

; Particle €4 € € ed+em+er €

N - 2.22€ 12 14.22 14.53

3 N, 9.76 2.22¢ 12 23.98  15.58
N NO 6.51 1.468 7 14,97 9.27 ,
A p |
NO,, 3.12 (NO - 0)  0.70 7 10.82 9.78 %

15 0 - 0.70f 11 11.70  13.62

3 0, 5.12 0.70f 10 15.82  12.06

- 0,4 1.05 (0, - 0)  0.70f 10 11.75  12.80

¢ co 11.11 0.70fF 11 22.81  14.01

¢

. co, 5.45 (0 - 0) 0.70f 11 17.15  13.77

H - - 11 11 13.60

; OH 4.40 0.70f 10 15.1 12.94

: ‘2.71 (HO - 0)1
HO, 11.99 (H - 02)‘ 0.35" 9 11.7 11.53
€q = 2.35
H,0 5.12 (H - OH) - 10 15.12  12.62
He - - 10 20 24.59

€ From (10/20) 2.37 + (6/20) 3.56 = 2.22.
From (5/14) 1.96 = 0.70.

& From the mean of the values for e and f.
From 1/2 of the value for f.
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the number of atoms in the target particle. Hence, diatomic

and triatomic particles are destroyed more quickly than the

atomic particles. The combination of this feature and the
linearized theory would allow the diatomics and triatomics
to be over-burned out if the deposited energy were limited

in an energetic basis alone, i.e., if one were to use the
imit

[e] + n, < Nyp

where [e] is the electron density produced by the inelastic
collisions, n, is the number density of particles in the
cascade of elastic energy, and Nyp is the number density of
ambient neutral particles. With this limit the diatomics
and triatomics would be over-burned out by the factors
Ngp/(n/2) and Nyp/(n/3), respectively. We have elected to
limit the energy deposition to avoid burnout of the
diatomics, to prevent certain difficulties in Subroutine
PCHEM which occur if the initial value of [No] is zero.

By barely preventing the burnout of diatomics, we do allow
the over-burnout of triatomics, which we correct by setting
the triatomic species number densities to zero. However,
this error is negligible since the triatomic species number
densities are very small in the altitude region in which
these effects occur.

The other possible procedures include (1) using target-
independent cross-sections (which seems unrealistic) or

(2) avoiding linearized theory by integrating the appro-
priate differential equations. Since the model was already
complete except for the feature of limiting the deposited
energy, neither of these two possibilities was attractive.

We now summarize our procedure for limiting the energy
deposition,

Define
Nyp(em™) = Al + A2 + A3
€imax - 28.5 €1Nyp erg/g
=3 (E, + €)eN erg/
Cemax =~ & t 17HP g/8

where the conversion factor €1 is

e, (erg evl cm3g_l) = e /e

2

€, = 1.60 x 1071

erg/eV



A
o

R A PR TS

Ty YR
-

The total mass density, p, is appropriate here because ¢,
and €, are computed for the total mass density. The *
fractions of Nyp destroyed by inelastic and by elastic
processes (on an energetic basis, alone) are, respectively,

8 = €i/Cimax
and
Be = fe/femax
1f
F = Nyp(g; +8,)0/(n/2) > 0.99 ,

one must reduce € and €o by the factor 0.99/F.

2-3 INELASTIC COLLISIONS

We are now ready to deal explicitly with the inelastic

collisions.
1. Compute the electron density:
[e] = ei/(28.5 el).
2. Partition the charged species from inelastic collisons.

[§*1, = (b7HN] + 2[N,] + [NOI} blel/n

[§}1; = 2[N,] alel/n

{2[NO] + 1.5(b/a)[N02]} alel/n

[No*]y

It

[ot] {[N0] + [CO] + [OH] + 1.5([NO,] + [0,] + [CO,D)

i
+ b71[0] + 2[0,] + 0.75[HO,]} blel/n

[031; = {2[0,] + 1.5(b/a)([0,] + 0.5[HO,1)} alel/n

3. 3.1 Record the corresponding neutral-particle densities
produced by dissociative ionization in inelastic
collisions:

[M¢*s)1y; = (2[N,] + [NO]} blel/n




[No]di [N02]1.5 blel/n

[014; = {[NO] + [cO] + [OH] + 1.5([N0,] + [05] + [CO,T)
+ 2[02] + 0.75[H02]} ble]/n
; [0,14; = {[03] + 0.5[HO,]} 1.5 blel/n

[co]di = [c02] 1.5 blel/n

. ’nA“

. [H]4; = {[OH] + 0.75[HO,] + 1.5[H,0]} b[el/n
* [OH],, = {0.5[HO,] + [H,0]} 1.5 blel/n
k
&
: [Clg; = [cO] blel/n
E: 3.2 Prescribe prompt recombination for those ions not
5 carried in the late-time grid chemistry, as shown
3 in Table 2-4.
t 3.3 Record the neutral-particle densities corresponding
to these recombinations.
[ [NO]r = [NOZ] 3a[e]/n
o
o [0], = B([NO,] + [04] + (l+b/4a)[HO,] + (b/2a)[H,0]
X + (1+b/2a)[€0,]) +2([OH] + [CO])} a[el/n
te
i- [02]1’ = [03] 38.[&]/'0
Y [col_ = [CO,] 3alel/n
] [H]_ = {(2+b/a)[OH] + 2 1(1.5 b[HO,]+ [H])
‘ + 3(1+b/a)[H20]} alel/n
: [OH] . = {[HO,] + [H,0]} 3alel/n
i
20 E




Table 2-4. Prescribed prompt recombination of (minor)
charged species not carried in late-time
grid chemistry.

Branching Number of Rgactions
Reaction Ratio® cm”
" NOS + e » NO + 0 a 3[N0,] [el/n
0 + e >0, +0 a 300,51 [el/n
}ia a Z[OH] [el/n
-
E,‘ OH  + e » 0 + H b/4 3[HO,] [e]/n
£
fé b/2 3[H,0] [el/n
R b/2 2[0H] [el/n
| b/4 3[HO,] [el/
E’j H+ + e > H 2 e
F; b/2 3[H,0] [el/n
12 1.0 [H] [el/n
f HOE +e>OH+O a 3[H02] [el/n
B H,0" + e ~ OH + H a 3[H,0] [el/n
3 CO5 + e > CO + O a 3[€0,] [el/n
£
* b/2 3[Co,] [el/n
ot +e>C+o0 ‘ 2

| a 2[co] [el/n
y ct+e-c b/2 2[co] [el/n
: Het + e » He 1.0 [He] [el/n

¥a = 1/1.35, b = 0.35a.
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[He] [e]/n

[He],

[cl, = {(2#b/a)[CO] + (3b/2a)[C0,]} a[el/n

3.4 Record the decrease in electron density corresponding to
these prescribed recombinations.

[el, = -{3([NO,] + [0,] + (l+b/2a) ([HO,] + [CO,])

. + (1+b/a)[H,0]) + (2+b/a)([OH] + [COI)

5: + a"t([H] + [HeD)} alel/n ?
> 3.5 Record the densities of the molecular ions in Table 2-4.

é [N03]_ = [NO,] 3alel/n

¥ [031_ = [05] 3alel/n

f;é [0H'], = {2[0H] + (3b/2a)(0.5[HO0,] + [H,01)} alel/n

: [HO31_ = [HO,] 3alel/n

E’ [H20+]r = [H,0] 3alel/n

- [co’z’]r = [c0,] 3alel/n
L [co*], = (2[c0] + (3b/2a)[CO]} alel/n

3.6 Compute and collate the changes in neutral species
densities for inelastic collisons.

: sn*s)1; = -Inc*s)1 L+ ety
sinpy1y = -Inc?my) Led
sINCR) ]y = -[NCpy] £8d
slNy]; = -20n,) Led




s[NO]; = -2[NO] [%] + [NOJy; + [NOI_

s[N0,]; = -3[NO,] Egl

st01; = -f01 L&l + [o3y; + o3,
_,. 600,15 = -2[0,1 L& 4+ 0,74, + [0,1,
s[051; = -3[05] L&d
; : s[col; = -20c0] L&l + [co3y, + [col,
£ s[co,]; = -3[co,] L?T]
4?1 olul; = -(u) L&+ (uly; + tul,
i: s[on]; = -2(on] L&L + [om1,, + [om],
s[HO,], = -3[Ho,] L&l
" 5[H01; = -3[H,0] L&l
@. s[Hel, = 0.0
sfcl, = [Cly, + [Cl.

3.7 The changes in charged species, so far, are:

sint] = [v']

i
s[N;] = [N}
s[¥07] = [NOT],
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s[0%] = [0,
+ +
s[e] = [e] + [e]r

3.8 Compute the sums of changes in densities of nitrogen,
L, oxygen, carbon, and hydrogen nuclei and of charged
species as measures of conservation errors.

ZoN; = a[N(‘*S)]i ¥ 6[N(2D)]i + cs[N(zP)]i

. + +
P + 6[NO1, + 6[NO,]; + S[N'], + 6[NO"1;
L
. + 208[N,]. + s[N'1.}
j a 2°1 2°1
260, = 6[NO]; + 6[0], + s[COl; + s[OH], + 6[H,0],
) +8[N0T1, + [0%],
b

PR N

+ 2{6[N02]i + 6[02]i + 5[002]i + 6[H02]i

+
+ 5[02]1} + 35[03]i

ZcSCi = 6[00]i + 6[C02]i + 6[C]i
, ZéHi = 6{H]i + G[OH]i + 5[H02]i + 26[1{20]i
5 16[QT-Q71 = o[NT] + 6[N5] + s(NOT] + s[0%]
+ (051 - 4[e]
4, Partition the energy from inelastic collisions into four

modes and the fraction of energy in each mode.

Electron Thermal Energy:

1.5{[e] + [e]r}

g

E(eV/cmB)

fke = e1 Bley ,

m;-
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Dissociation Energy:

Di(eV/cm3) = 19.76[N,] + 6.51[N0] + 5.12[0,]

+ 11.11[cOo] + 4.40[OH] + 1.5x(3.12[NO

+ 1.05[03] + 5.45[002] + 2.35[H02]
+ S.lZ[HZO])} 2bfe]l/n

fﬁ = g Di/z:i

Ionization Energy:

For those ions that are not carried in the late-time

grid chemistry and therefore undergo prescribed, prompt

recombination, the effective 'ionization energy' correspond-
ing to the molecular ions is the dissociation energy of the
neutral particle; for the atomic ions it is zero. These
facts are reflected in the coefficients of the following

expression.

I(eV/em®) = 14.53[N'1, + 15.58[Nj1, + 9.27[N0"];

+ + +
+ 13.62[0 ]i + 12.06[02]i + 3.12[N02]r

+ + +
+ 1.05[03]r + 1.11[cCO ]r + 5.45[C02]r

+ A+ +
+ 4.40[O0H" ] + 2.71[HO5] . + 5.12[H,0"]_

Il(erg/g) = I

Radiation Lnergy:

fé = 1 - (fﬁE + fﬁ + fI)

3y _ ¢-
Ri(eV/cm ) = fRei/el

o =y




2-4 ELASTIC COLLISIONS i
We now deal explicitly with the elastic collisions:

1. Compute the total number density of particles from the ]
cascade of elastic energy: i

e ;
nc(cm-3) = '_—TFE_—__ !

! €1 Z(Et+€)

3 - 4fKEee

= €1 0bemE

c where

E Et - /3

B fxe = =¥

E. a t €

= 2. Partition the neutral species from elastic collisions.
i 2.1 The fast-particle densities from the elastic-energy

] cascade are:

A

[N]fl = [N]nc/n

PR N

[Nlgp = (2[N,] + [NO]} n /n
}%; [(Nlg = [Nlg; + [Ngy
[No]; = [NO,] 1.5n /m
[0]¢ = [0] n /n
[0]¢, = ([¥O] + 2[0,] + [CO] + [OH]} n_/n
[0]gy = ([NO,] + [05] + [CO,] + 0.5[HO,]} 1.5 n/n
[0l = [01g + [0]g) + [O]gy
[0,]f = {[04] + 0.5[HO0,1} 1.5 n_/n

[CO]f = [C02] 1.5 nc/n
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[H]¢ = {[H] + [OH] + 0.75[HO,] + 1.5[H,0]} n /n |
[OH]; = {0.5[HO,] + [H,0]} 1.5 n_/n i
[Hel; = [Hel n_/n |

[Clg = [CO]} n /n .

2.2 The slow-particle densities from the elastic-energy
cascade are:

[N], = [Nl

[No], - [Nolg

[0], = [0]g, + [01g4

[02]s = {[03] + 0.5[H02]} 1.5 n,/n

[col, = [CO,] 1.5 n /n

[H], = ([OH] + 0.75[H0,] + 1.5[H,0]} n_/n
[OH], = {0.5[HO,] + [H,0]} 1.5 n_/n

[c]g = [CO] n./n

2.3 Compute and collate the changes in species densities
for elastic collisions.

n
sINCs)1, = -[N(¥)] £ + SHIN]; + [N],
n
sNCD) 1, = -In¢*)] £ + 28w,
n
sINCRY], = -INCPY] =S + £ [N,
nC
8[Ny1e = -2[N,]
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§[NO], = -2[NO] gg + [NOl; + [NOT
n
§[N0,], = -3[N0,] =
50, = -[0] =2 + [0l + [0],

, 510,], = -200,] =% + [0,1; + [0,],

n

g 51051, = -3003]

~i; s[co], = -2[co] 2? + [col¢ + [colg

» nc

. 8[€0,], = -3[c0,] =&
] g ne

s[H], = -[H] =S + [H], + [H],

:fn a[on]e = -2[0H] 2? + [OH]f + [OH]S
k¢ n

‘ s[HO,], = -3[HO,] =

8[Hy0], = -3[H)0] =&

g s[He], = -[He] = + [Hel,

sfcl, = [clg + [cl,

2.4 Compute the sums of changes in densities of nitrogen,
oxygen, carbon, and hydrogen nuclei as measures of
conservation errors.

by 2 2
18N, = sIN("S)], + SIN(D)], + s[N("P)],

+ [NO], + 8[NO,], + 26[N,],
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£80, = s[No}, + s[o], + s[co], + &[OH],

+ 6[1{20]e + 36[03]e

+ 2{s[N0,], + 8[0,]1, + 8[CO,], + §[HO,].}
£sC, = s[col, + s[Co,], + s[C]
réH, = s[H]  + s[OH], + s[HO,]  + 28[H,0], .

Partition among allowed states the (total) atomic-particle
densities from the elastic-energy cascade.

[N(*s)] = o5 [N], + [N],

|
e & 3
—
2
—
H

IN*D)] = 22 [N,
(el =

[0CP)] = £z [0]¢ + [0],

I

o
—
o
—_a

h

[0¢'p)]

Partition the energy from elastic collisions into four modes.

Heavy-particle thermal energy:

K(eV/cm3) fKEee/el

Kl(erg/g) elK

29
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Dissociation energy:

3y =
De(eV/cm ) =

{9.76[N2] + 6.51[NO] + 5.12[02]
+ 11.11[CO] + 4.40[OH] + 1.5(3.12[N02]
+ 1.05[03] + 5.45[002] + 2.3§LH02]

+ 5.12[H20])} 2n,/n

Excitation energy:

3
Xe(eV/cm )

Xel(erg/g)

Radiation energy:

19 6
(2.37 x 30 + 3.56 76)[N]f

+1.96 x f% [0,

elxe

R (eV/em®) = {0.5(12[N] + 11[0] + 11[H] + 20[He])
+ 12[N2] + 7[N0] + 10[0,] + 11[co]
+ 10[0H] + 1.5(7[N02] + 10[03] + 11[C02]
+ 9[H02] + 10[H20])} 2n /n .
2-5 COMBINED RESULTS FROM INELASTIC AND ELASTIC COLLISIONS
We can now combine the results from inelastic and elastic
collisions.
1. Add the contributions from the inelastic and elastic colli-

sions to obtain the total values of dissociation and radia-

tion energies.

D(eV/cm3)

D, (erg/g)

D, + D

1 e

= elD

30
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R(eV/cm3) = R1 + R

e
Rl(erg/g) = elR
2. Compute the total fractional partitions of energy for the
six modes.

fy = €1 K/(eg + ¢)

fo = €1 E/(e; + ee)

f, =¢€1 D/(eg + ee)

fx =€ Xe/(ei + ae)

f1=¢e7 I/(e5 + €,)

£, = €1 R/(gy + se)

The fractional error in energy conservation is

F = fK + fE + fD + er + fI + fR -1

3. Compute the changes in species densities for both inelastic
and elastic collisions.

s[N(*8)] = sIN(4s) 1, + sIN(*s)],

|
s[NCD)T = s[N(?D) ] + s[N(PD)], i
siN(Zey] = sInZey ] + sInZR)], :

s§[N,] = §[N,1; + SIN,1

s[NO] 6[N0]i + G[NOJe

G[NOZ] G[NOZ]i + 5[N02]e




sfo] = 5[0]i + 5[0]e

6[02]

6[02]i + G[OZ]e

6[0,(x)] = 6[0,] [0,(X)1/[0,]

§[0,(a)] = 8[0,) {1 - [0,(X)1/[0,1}

§[05] = 6[031; + 8[051,

.
e

s[co] = G[CO]i + 6[CO]e

s§[co,] = &[CO,1; + 8[CO,T,

L R s,

§[H] = s[H]; + s[H],

s[oH] = 6[OH]i + G[OH]e

§[HO,] = o8[HO,]; + 6[HO,],

§[H,0] §[H,0]; + 8[H,0],

§[He] = &[He]; + §[He],

s[C] sfcl; + slcl,

4, Compute the sums of changes in densities of nitrogen, oxygen,
carbon, and hydrogen nuclei as measures of conservation
errors. b

LSN ZGNi + ZGNe

£s0

Z(SOi + ZGOe

£éC

n

ZGCi + EGCe

IéH

ZdHi + ZSHe



Py -&";T,

Compute the sum of electron thermal and O(lD) excitation
energies per newly-formed electron.

Epe(eV/electron) = {E + 1.96(5/14)[0]} ¢s[e]

Store changes in cell quantities in temporary scratch area

(BUF2).

BUF2(1)

BUF2(2)

BUF2(3)

BUF2(4)

BUF2(5)

BUF2(6)

BUF2(7)

BUF2(8)

BUF2(9)

BUF2(10)

BUF2(11)

BUF2(12)

BUF2(13)

s[N(*s)]
s[N(°D)]
S[N(*P)]
5[N]
§[NO]
5[NO, ]
s[0]
5[0, (X)]
§[0,(a)]
5005
s[c0]
6[C02]

s[H]

BUF2(14)

BUF2(15)

BUF2(16)

BUF2(17)

BUF2(18)

BUF2(19)

BUF2(20)

BUF2(21)

BUF2(22)

BUF2(23)

BUF2(24)

BUF2(25)

s[0H]
§[HO, ]
8[H,0]
S§[He]
s[NT]
+
G[Nz]
s[Not]
s[ot]
+
s[03]
sle]

Epe

Ky
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SECTION 3
UV DEPOSITION

(Modification of Section 9 of Volume 17)

3-1 INTRODUCTION

The total computation of UV deposition requires six major
subroutines, as noted in Section 9 of Volume 17. Here we give a very
brief overview and guide to the changes in those subroutines.

The modifications to Subroutine EUXFIT have been described
in Section 1. Subroutine PLINE now distinguishes between N(AS) and
N(ZD) in the zeroing of line integrals performed in Subroutine PINT.
Subroutine PINT now distinguishes between N(4S) and N(2D) in forming
the line integrals of the species densities. Subroutine BEDGE now
distinguishes between N(4S) and N(ZD) in determining the radius to
the B-edge. Subroutine PHEAT now provides for all the additional
species in ROSCQE-IR and for N(ZD) as an attenuator of Group-U
fluences. The extensive changes to Subroutine PCHEM are described in
Section 4.

3-2 SUBROUTINE PLINE (Modification of Section 9.1.8.c¢ of
Volume 17)

A new integral (SNDINT) has been introduced to pertain to a
newly-carried species,N(zD). This new integral is to be distinguished
from the old integral (SNINT) which used to pertain to nitrogen atoms
(N) without distinction as to the ground term, but which now pertains
to N(C'S).

3-3 SUBROUTINE PINT (Modification of Section 9.2 of Volume 17)

Replace the integral for SNINT by the two expressions

SRN
j[ [N(as)]dr, cm'2
0

SNINT

SNDINT

SRN
/ (8¢2D)]dr, cm~?
0
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Over a ray segment between SR and SRN, the corresponding contributions
to these two integrals are DSN4SI and DSN2DI, respectively. SPECIE(I)
now denotes the concentration of Ng, 09, N(as), 0, and N(ZD), respec-
tively, for I =1, 2, 3, 4, and 5.

On page 89 of Volume 17, DRHOI is misspelled as DHROI.
3-4 SUBROUTINE BEDGE

3-4.1 Modification of Section 9.3.1 of Volume 17

The old line integral SNU of the density of species N has
been replaced by the two line integrals SNU and SNDU for the species
N(4S) and N(2D), respectively.
3-4.2 Modification of Section 9.3.2 of Volume 17

The index I in SPECIE(I) now denotes the species NZ’ 02,
N(4S), 0, and N(ZD), respectively, for I =1, 2, 3, 4, and 5.
3-4.3 Modification of Section 9.3.3 of Volume 17

In Figure 20 on page 94 of Volume 17, SPECIE(3) is replaced
by the sum (SPECIE(3) + SPECIE(5)) in computing EVEN, RHOSUM, and
XMUBAR. On page 96 there is the additional line integral,

SNDU = SNDINT + SPECIE(5) * DEL - DSNDI,

and the sum over J is extended from J = 1,4 to J = 1,5 in computing
XMUBAR.

3-5 SUBROUTINE PHEAT (Modification of Section 9.4 of Volume 17)

The sum over J is extended from J = 1,4 to J = 1,5 in
computing SUMIN(L), SUMOUT(L), PEFBAR(L), FLUX(L), and XMU(L). See
formulas in Section 9.4.1 and in 9.4.3 of Volume 17 (pages 98, 99).
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SECTION 4

PROMPT CHEMISTRY ASSOCIATED WITH GROUP-X
AND GROUP-U ENERGY DEPOSITION (SUBROUTINE PCHEM)

(Revision of Section 10 of Volume 17)

INTRODUCTION

Subroutine PCHEM has been extensively revised in detail but

not in overall sturcture in going from ROSCOE-Radar to ROSCOE-IR. New

provisions in Subroutine PCHEM include:

1.
2.

The additional species for ROSCOE-IR,

An increase to 25 from 12 inputs from the BUF2 array, cor-
responding to the altered output from Subroutine HPCHEM.

A revised procedure for computing the ionization and species
densities resulting from the Group-X energy deposition
(computed in Subroutine PHEAT). Included are dissociative
ionization of N9 and O,, species and excited states resulting
fromnon-ionizing collisions, and an improved treatment of

CO2 destruction with protection against abortion, when [Nj]

is very small. The other nine minor species are also treated.

A revised procedure for computing the ionization and species
densities resulting from_the Group-U energy deposition. The
excited-state species N(2D) is now included in the line
integrals (performed in Subroutine PLINE) affecting the
Group-U fluences. Group-U absorption cross-sections are
provided for each of the 17 following listed neutral species
that were originally designated to be included in the
ROSCOE-IR grid chemistry,

1 Species I Species I Species
1 N, 7 NO 13 HO,

2 0, (X) 8 NO, 14 H,0

3 N(4S) 9 0,(a) 15 co,

4 0 10 04 16 co

5 N(%D) 11 K 17 He

6 N(2P) 12 OH
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However, owing to+the 1imi$ed Eypei of ions carried in the
grid chemistry (N5, NOt, 05, N7, 07), we prescribe prompt
dissociative recofibination”for molecular ions and radiative
recombination for atomic ions not carried in the grid
chemistry.

5. An increase to 35 from 18 outputs in the BUFl array.

As in ROSCOE-Radar, Subroutine PCHEM first combines (a) the
changes in species densities due to debris deposition, computed in
Subroutine HPCHEM, with (b) the previous species densities of a cell
and then computes the ionization and species densities from the Group-

X and Group-U energy depositions.

Subroutine PCHEM still contains numerous compromises and ad-
justments made necessary by using energy deposition models that are
(a) instantaneous and (b) mismatched with the late-time chemistry
modules, although numerous improvements have been made.

4-2 DETERMINATION OF INITIAL SPECIES FOR COMPUTING THE PROMPT
CHEMISTRY ASSOCIATED WITH GROUP-X AND GROUP-U ENERGY
DEPOSITIONS

Before computing the prompt chemistry associated with the
energy depositions of Groups X and U, we must combine the changes in
species densities due to debris deposition with the previous species

densities.

The changes in the species densities and electronic thermal
and excitation energy are stored in the BUF2 array by Subroutine
HPCHEM. The number of these variables, defined in Table 4-1, has in-
creased to 25 for ROSCOE-IR from 12 for ROSCOE-Radar. These
quantities are appropriately combined with those from the BUF array
to get the starting conditions for the Group-X and Group-U energy
depositions. We check charge balance (by taking the difference be-
tween positive ions and electrons) after combining the HPCHEM-computed
changes in species densities with the previous densities of the cells.
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Table 4-1. Inputs to subroutine PCHEM from BUF2
array for those cell quantities updated
by Subroutine HPCHEM as a result of
debris deposition.

I BUF2(I)

1 Change in [N(as)] , em™3
2 Change in [N(ZD)] , cm°3
3 Change in [N(ZP)] , cm-3
4 Change in [N2] , em™3
5 Change in [NO] , cm_3
6 Change in [NO,] , em™3
7 Change in [O] , em™3
8 Change in [0,(X)] , em™3
9 Change in [0,(a)] , em™3

10 Change in [04] , cm™3

11 Change in [CO] , em™d

12 Change in [CO,] , em™3

13 Change in [H] , em™3

14 Change in [OH] , cm'3

15 Change in [HO,] , em™3

16 Change in [H,0] , cm™3

17 Change in [He] , cm'3

18 Change in [N+] , cm'3

19 Change in [N;] , cm'3

20 Change in [N0+] , em™3

21 Change in [O+] , cm™3

22 Change in [0;] , em™3

23 Change in [e] , cm™3

24 Change in electron thermal energy and O(lD)

8N
wv

excitation energy per newly-formed electron,
eV/electron

Change in heavy-particle thermal energy,
erg/g




4-3 IONIZATION AND SPECIES DENSITIES FROM GROUP-X DEPOSITION

4-3.1 Introduction

The computation of the species densities from Group-X deposi-
tion was described in Volume 17 as being done very simply. The current
computation is quite complex, resulting partly from treating additional
species required for IR and partly from attempting to make the compu-
tation more realistic for both radar and IR purposes.

To facilitate relating this text to the coding, we describe
the major steps in performing the overall calculation. Some steps are ;
simple enough that no further explanation is required. In other cases ;

. the steps are more subtle and deserve explanatory information. Some- : %

times we will provide such information as we proceed; at other times ;

b o we will refer to Appendix A for more extensive background information. 1
4-3.2 The Major Steps !

: 1, Sum the N, 0, C, and H nuclei densities for later use in ]

A mass-conservation checks. i

2, Preset certain variables pertaining to Group-U deposition. F

(While this step has nothing to do with Group-X deposition
per se, it provides for the possibility that a Case-2 cell
follows either a Case-1 or a Case-3 cell. For a Case-2 cell,
no computation is made of species resulting from Group-X
deposition.)

Atnar? AL AR el L

3. 3.1 Use the specific energy absorbed from Group-X
deposition (DAIXX(erg/g)) computed in Subroutine
PHEAT and the mass density (RHO(g/cm3)) to get
the corresponding energy density (DELEX(eV/cm3)).

DELEX = DAIXX x RHO/ (1.6 x 10 12

) . (L
3.2 Determine the fraction (FNEUT) of the absorbed energy
to be assigned to deposition in the neutral-particle
gas. (Here we co$31der only ghe species N, Ny, NO,
0, 0 NE, ot, and 07.) The prescription

5 !
JOE S TR T Y ST IR VPRSP

e
P 1 ¥

we aaopted to compute FNEUT is described in Section &
A-2.2.2, where FNEUT is denoted by f One evaluates i
Equatlon (Al5) with use of Equatlons (A16) and (Al7) 3
and the parameters in Table A-4.




5.
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Replace the value used in Volume 17 for the energy
per ion pair, 35 eV per ion pair, by a computed
value (EIP) that depends on the mix of selected
neutral particles (s = N, Ny, NO, O, and 03), as
described in Section A-2.2.4. Use Equation (Al8),

EIP = Eip = ifsEip(s)’ (2)

where the fractions fs characterize the mix for the
particles,

£y = [s]/5[s] . (3
s

The parameters Eip(s) are given in Table A-4,
Compute the ion-pair density:
AIPX(ip/cm3) = IP = DELEX x FNEUT/EIP . (4)

Divide all the neutral species carried in the HAG
into three groups. The species in the first
group are chosen because they are the principal
neutral species and because we have an improved
technique for computing the energy deposition.
The third group is designated to facilitate a
special treatment for CO,. Group 2 contains the
remaining minor neutral species. The groups are:

Group 1: N, Ny, O, 0,

Group 2: NO, NO 03, C0, H, OH, HOZ’ HZO’ He

27
Group 3: CO2

Sum the densities [J; ] in each of the three groups
and also sum the group-sums:

SUMGP, = I [J, ] k=1,2,3 (5a)
ko Yk
k
3
SMNEUT = £ SUMGP, - (5b)
k=1

Set the maximum allowed ion-pair density in the
neutral-particle gas, AIPXMX, by considering only
the Group-1 particles. For the current model, and
for considerations of late-time species, we need
to set the number of Jj-particle destructions (by
collisional ionization, and for molecules, also
dissociative ionization, collisional dissociation,
and collisional excitation) per ion pair in a

kIS 7%

0 i




(Jl) (J; = N, Ny, 0, Op). To set

J%~particle gas as Dy

these quantities we fifed to introduce the branching

ratios (Ry+ and R?+, as in Section A-2.1) for dissocia-
o N2

tive ionization and Oy by electron impact and the
ratios (F3(Ny) and F4(0,), as in Section A-2.3) of
collisional 5issociation to collisional ionization.
The quantities Dip(Jl)’ used in estimating AIPXMX, can

be set as
! Dip(N) =1 Dip(NZ) =1 + (l-RN+)Fd(N2) (6a,b)
Dip(o) =1 Dip(Oz) =1 + (1-RO+)Fd(02). (6c,d)

Finally, we compute AIPXMX from the expression

[~ [J,] [J4]
_ l'o 170
X AIPXMX = O'Q.f D,(3) SUCP] (7
& 1 P

where 0.9 is an ad hoc safety factor and Jl = N,
Nz, 0, and 02.

v 5.3 1Initially distribute the Group-X ion-pair density
among the three groups in proportion to the densities
SUMGPk,

AIPX x SUMGP,

I SUMGP, (8)
k

F ATPX, =

For Group-1l and -3 particles we will later redistri-

bute the ion-pair density AIPX; + AIPX,. For Group-2

particles, we simply proceed as in Volume 17 by

distributing the ion-pair density AIPXé according to
r

the relative abundance of each of the Group-2
particles.
6. Determine the altered species densities from Group-X deposi-

tion in the Group-2 particles according to the prompt-
chemistry reactions assumed in Table 4-2, where [e]z = AIPX,
and ny) = SUMGPp. Note that collisional ionization and
dissociative ionization of the Group-2 (and Group-3) par-
ticles lead to many ions not carried in the HAG chemistry.
To obviate this difficulty we prescribe immediate dissicia-
tive recombination for such molecular ions and radiative
recombination for such atomic ions.
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Table 4-2.

Prompt-chemistry reactions assumed during
x-ray deposition for Group-2 (minor
species) particles.

Reaction

Branching
Ratio¥*

Number of Ionizing
Reactions,* cm-

—— . — ——

Not + e

e > RO+ 0
+ O+ + e

+ NO+ + e

+

+ N
+ O
+ O

+

03 + e ~» O2 +

+ ot +
+

+ 0y +

+ 0

cot +e>c+

+ct
C

+ ot +

+ O

O+ + e

+ e

—

a
b/2
b/2

b/2
b/2

b/2
b/2

b/2

[No1[el,/n,

[Noz][elz/nz

[031[e],/n,

[colle],/n,

(continued)

0.25,
[e]2 = x-ray deposition

density of group-2

particles,

ion-pair density assigned to Group 2,
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Table 4-2. (Cont'd)
Branching Number of Ioniz%ng
Reaction Ratio Reactions, cm~
B > H +e-n 1.0 [K][el,/n,
O +e >0+ H a
0 +H + e b/2
OH - i [0H1[e]y/n,
H +0ot +e b/2
0 + H c
+ ]
HO2 +e > 0H+ 0 a
0 + OHt + ¢ b/4
O+H
. +
OH + 0 + e b/4
HO, =~ ( H +05 + e b/4 [H,01[el,/n,
0, +H + e b/4
H
OH + 0 c/2
H + 02 c/2
H)0' + e > OH + H a
H +0H" + e b/2
OH +H + e b/2
H
OH + H c
He ~» HeT + e » He 1.0 [He][e]z/n2




The value for the dissociative ionization branching ratio
(b) is a nominal, mean value suggested by averaging

Ryt =0.192 and Rt = 0.302. The collisional ionization
branching ratio ?a) is just 1-b. The collisional dissocia-
tion branching ratio (c) is suggested by averagin
[(1-RN+)Fd(N2) = 1.00] and [(1—R0+)Fd(02) = 0.614?.

Before writing the changes in Group-2 particle densities we
introduce several new constants:

: Fy =a+ 0.5 (9a)
'éj F, = ALPX,/SUMGP, = [e],/n, (9b)
‘ Fy=1+c (9¢)
F,=F +c (9d)

Fyq = FyFq . (9e)

5,IN(*$)1 = F,(0.5b + c)[NO], (10a)

8,[N0] = F,{F,[NO,] - F4[NO] } (10b)

§,[N0,] = - Fy3[NO,] (10c)

62[0] = Fz{Fa([Noz]o + [03]0 + [CO]O + [OH]O

+ (Fy + G.Sc)[HOz]o

+ (0.5b + ¢)[NO]  + 0.5b[H,0] ) (10d)
§,00,] = Fy{F,[04]1 + (0.25b + 0.5¢)[HO,] } (10e)
6,004] = -F,300,]1, (10f)
§,0C0] = -F,4[C0]_ (10g)

SZ[H] = F2{F3[0H]o + (0.75b + 0.5c)[H02]o

+ (a + 1.5b + ¢)[H,01} (10h)
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GZ[OH] = FZ{F4[H20]° - F3[OH]o

+ (a + 0.25b + 0.5¢)[HO,] } (10i)
8,[H0,] = -F,,[HO,1, (103)
§,[H)0] = -F,3[H,0], (10k)
5,[He] = 0 (101)
5,IN"] = F, 0.5b[NO] (10m)
8,IN0"] = F,{a[NO]_ + 0.5b[N0,] } (10m)
5,00"] = F, 0.5b{[NO]_ + [NO,]_ + [05],
+ [col  + [oH]  + 0.5[HO,]1} (100)
6,0051 = F, 0.5b{[0;]_ + 0.5[HO,] } (10p)
8olel = Fo{[NO]  + b([NO,] + [05]
+ 0.5([00]0 + [OH]O + [HOz]))} (10q)
§,[C] = F,4lco], . (10r)

One can show analytically that the N, 0, C, and H nuclei are
conserved for the Group-2 reactions.

Treat the Group-1 and Group-3 particles by a procedure in
which some of the steps are interleaved.

7.1 Perform the first nine of fifteen steps in treating the
Group-1 particles. The background information for
treating the Group-1 particles is given in Appendix A.
The information in Table 4-3 will be useful in con-
sidering the first seven steps for the Group-l
particles.
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Table 4-3. TIon-production reactions for Group-1 particles
(Nz, 0,5, N, 0) during x-ray deposition.

Branching Number of Reactions*
Reaction Ratio cm~
+
N, + e 1 - +
> 2 N (s*: e, W), IP
N + N +e Ry+ P
+
0, + e 1l - R+
> 2 0 (s*; e, 0,),; 1P
0 + ot+e R+ 1} P
0
+ +
-> N + e 1.0 (s; N)ip 1P
+ +
- 0 + e 1.0 (S ; O)ip IP

*
The molecular reactions include the modeling of just the

electron slowing-down collisions. The atomic reactions
include the modeling of both the photoabsorption event
and the electron slowing-down collisions. This table
does not include the small number of additional N* and Ot
ions, included in the model, which result from the photo-
absorption events in N2 and 0,.
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Group-1 Step 1. Determine the fractional mix of the Group-1

speciles,

H»

= [11/214] (11)
1
i =N, N2, o, O2

Group-1 Step 2. Determine the number of ions from species
1, (S7;1), per typical (1400-eV) x-ray photon absorbed in
the given neutral-particle mix by using the relations

+ . o4

. . B .
(8%;1) = a;f,7 + b £ o, (12)

with b” given by Equation (Al3) and a., b;, a;, and B,
by Table A-Ll. *

Group-1 Step 3. Sum the ions (S+;i) from each of the
species 1:

sp = L(sT) . (13)
i

Group-l Step 4. Normalize the quantities (S+;i) to a per-
ion-pair basis:

shi); 0 = shiy/sp (14)

Group-1l Step 5. Decermine the ion species per ion pair with
account of the dissociative-ionization fractions,

Ry+ = 0.192  and Ry = 0.302 . (15)

Group-1l Step 5.1. For the initial photoabsorption events in ' ;
Ny, and 0,, let PN+ and Po+ be the number of and 0% ionms
per ion pair, respectively:

Pyt = 2fN2/ST (16a)

Po+ 2f02/ST

]

(16b)
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Group-1 Step 5.2.

let

—+
(S ’e’NZ)ip

(S+;e,0

il

2)ip

1

Group-1 Step 5.3.

+
(S ;Nz)ip -

+
(S :Oz)lp -

The number of N+, 0

ion pair are:

+
(N )ip

)

ip

+
Ny ip

+ _ + _
(02)1P = (8 ;e;oz)ip(l Ro+> .

Group-1 Step 6.

8,[N"1 = (n
5,007 = (0
6,[N}] =
5,003] =

One may verify, by use of Equations (18),

+ +
(S ’N)ip + PN+ + (S ’e’NZ)ipRN+
+ +
(S ;O)ip + P+ + (S ;e,Oz)

+
(ST e,Np) ;o (1-Ryy)

+
(NZ)ipIP

+
(Oz)ipIP .

For the subsequent electron slowing-down,

= sum of N' and N; ions per ion pair

(1l7a)

+ . . .
sum of O and O; ions per ion pair

(17b)

, N;,and 0; ions per

(18a)

(18b)

(18c)

(184d)

Determine the newly-formed ion-species
densities corresponding to the ion-pair density:

(19a)

(19b)

(19¢c)

(194d)

(14), and

(13), that the sum of Equations (l9a) through (19d) is just
IP.

Group-1 Step 7.

Collate the corresponding changes in neutral-

particle densities resulting from the ionizing events.
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513N = TRL(sYie, M) Rer - (87N ) (20a)
5,001 = IP[(S+;e,02)ipRo+ - (s+;0)ip] (20b)
51404, = - IPL(STiNy) ;- 0.5Py4] (20¢)
61400, = - TPL(sT50,) ;- 0.5P5+] . (20d)

To demonstrate that nitrogen and oxygen nuclei are conserved
in this treatment of ion production in x-ray deposition, we
write

S(N nuc.) = §(nitrogen nuclei)

- 61[N+] + 26, [N7] + 69, [N] + 267,[N,]  (21a)

and use Equations (19a), (19c¢), (20a), (20c), and (1l7a):

§(N nuc.) IP[(N+)ip + 2(N;)ip] + 6,4 [N] + 26,;N,]

IP[(S+;N)ip + Pyt + (S+;e,N2)ipRN+
+ (stie,N,). (1-Ryq)2
ie,Np) s (1-Rygst
+ ‘ +
-(S ;N)ip + (S ;e’NZ)ipRN"'

+

= +. +-

ip

IP[0.0]2 . (21b)

A corresponding set of equations and conservation obtain for
oxygen nuclei.

Group-1 Step 8. Record the additional changes in neutral-
particle densities due to collisonal dissociation:
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. [N]

Ini

dlni[o]

2F4 () (L-Ryt) (STie Ny TP

-~

collisional ionizations

W
collisional dissociations

— +-
= 2F4(0)) (1-Rgy) (ST;e,0,); TP

810ilNp] =

8101L02]

Group 1 Step 9.

- 0.58, .[N]

Ini

ties due to the ionizing events and
5,
3,[0]
él[Nz]

§100,1 =

]

814IN) + 673N

814001 + 81,5001
= Gli[NZJ + dlni[NZJ

8110051 + 65,,1[0,]

(22a)

(22b)

(22¢)

(224d)

Sum the changes in N, 0, N,, and 0, densi-
collisional disSociation:

(23a)

(23b)

(23¢)

(23d)

7.2 Treat the Group-3 particle according to the basic procedure

described in Section A-3.
decrease in CO, density to that of N,.

Equation (A33) relates the
The exponent in

Equation (A33), F(a), given by Equation (A29), depends on

the mean value of the fractional ionization,

from the following equations:

%

[e]f

o

(el /{le], + SMNEUT!
[el, + TP
[elg/{lels + SMNEUT - IP}

0.5(ao + af)

estimated

(24a)

(24b)

(24c¢)

(24d)

The total ionization allocated to Group-1 and Group-3 is

iteratively distributed between Group-l and Group-3.

Temporarily save the initial value of 61[N2], (61[N2])o.
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Evaluate Equation (A33):

GB[COZ:] = ’[Coz]o [1 = {([Nz]o
+ 8, IN, 1) /[N,] 1 ()] (25a)
63[C02]m = - 63[C02] . (25b)

Assume that a fraction 1/(1+c) of the decrease in 002
density, 63[C02]m, is due to ionizing reactions.

I = 53[cozjm/(1+c) . (26)

The ion-pair density I, exceeds the ion-pair density

originally allocated to0 Group-3, AIPX;. Assume this

excess in ion-pair density, AIL, can b¢ made up at the
expense of the much larger density of Group-1 ions:

6T = I - AIPX (27)

3

The new value of AIPXy is the o0ld value multiplied by
the fraction F given %y

F =1 - AIL/AIPX (28)

1

The iterated value of the decrease in N2 density is
6i[N2] = F(él[Nz])0 . (29)

This procedure can be repeated several times to obtain
a satisfactory convergence.

When a satisfactory value of F is adopted, one imposes
charge conservation to compute the following:

AT
I3=

= I3(1+c) . (30¢)

AIPXl(l-F) (30a)

AIPX; + I (30b)
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7.

.3

Record the iterated values of the changes in Group-1
species densities by multiplying each of the original
values by F.
4 Complete the following six steps in treating the
Group-1l particles.
Group-1 Step 10. Partition the total change in Oy
among the X- and a-states of 09 by scaling in
proportion to the initial densities.
5100, 7 = 5,00,] (0,1 /00,1, (31a)
ﬁl[Oz(a)] = 61[02] {1 - [Oz(X)]o/[Oz]o}. (31b)
Group-1 Step 1ll. Record the new densities of X- and
a-states of 02.
[0,X)]y = [0,(X) ], + 6,[0,(X)] (32a)
[Oz(a)]l = [02(a>]0 t+ 31[02(3)] ‘
Group-1l Step 12. Compute the collisional excitation of
07 (X) to 02(a). By using Equation (A26) and (A27) we
have:
x = [01,/00,], (33a)
= {0,(a)/05} (33b)
yo= 212 2’ion pair
(4.8 , x 7 0.6528 )
- (33c
[3.486 x™3/% | x 5 0.6528
[0,¢a)] . = y6,(05] (33d)
2 ce - Y1t¥2d -

Group-1 Step L3. Record the new (tentative) densities
of the X- and a-states of 0y

[Oz(X)]z = [OZ(X)]l = [02(3)}Ce (34a)
[02(3)]2 = [02(3)]1 + [Oz(a)JCe . (34b)

53

]




Group-1 Step l4. Limit the number of 09(a) excitations
1f the OZ(X) density would be depleted, i.e., if

al0,(X)1 = 0.9[0,(X) ]y - [0,(a)],, < O, (352)

[0,(a)],, = 0.9[0,(X) ], (35b)

to recompute [OZ(X)]2 and [Oz(a)]2 .

Group-1 Step 15. Partition the N atoms into the ground

7.5 Record the densities of the Group-3 product species
(see Table 4-4) associated with (a) the ionizing events
and (b) the collisional dissociation events and then
combine the densities for O and CO. '

W

; and two excited states (actually, terms). (See Section
’ A' 2 . 3 . I ‘:jl
,;‘ ) Yy ]
¥ 51IN(*S)] = 0.471 8,[N] (36a) g
- [
81[N(*D)] = 0.353 &[N] (36b) | %
. . { ;
. s, [N(*P)] = 0.176 &,[N] . (36¢) } %
EH
v 4 -

1

p 8500]; = I, (37a) -
] ;1
’ 8§,0C0]; = I4F, (37b) ;
+ i
540071, = 1, 0.5b (37¢) %
6lel; = 63[0+]i (37d) j
J
550C); = 53[o+Ji (37¢) ;i

63[C0]ni = I4c (38a)

54 A




Tabie 4-4. Prompt-chemistry reactions assumed during
x-ray deposition for the Group-3 particle.

Branching  Number of Ionizing

Reaction Ratio* Reactions, cm-
(coy +e > CO+0 a \
+
0 + CO + e b/2
.
TY o |
o, ¢ > I,
co + ot +e b/2
Cco + 0 c
\ /

*See Table 4-2.




85001 = 84001 + 85[0] . (39a)
§50C0] = 8,[co]; + s5[co] , . (39b)
8. Compute the increased atom densities and decreased electron

. and carried in the HAG chemistry.

and Oz from Groups 1 and 2 are

LY
>

. assumed dissociative recombination reactions are:
* + 4 2
N2 + e = N('S) + N(°D)
&
. o; +e=0+0
B NOT + e = 0.25N(%S) + 0.75N(?D) + O .
¢

¢ Thus the increased atom densities from dissociative
. recombination are:

| ANZ[N(AS)] = 61[NZJ
g ANZ[N(ZD)] = 67[N})
bgolN(*$)] = 0.255,[N0"]
' b N(“D)] = 0.758,[N0"]
! byol01 = 6,[N0"]
1,01 = 205,[05]1 + ¢,(051} .

The change in electron density is:

alel = -(8,[N7] + 5,IN0"] + s [0}] + 52[031}.

56

density from imposing dissociative recombination of those
molecular ions (Nﬁ, Not, 05) produced by Group-X deposition

The total changes in densities of the molecular ions N;, NO+,

(5,[N5] + 0}, (0 + 62[NO+]}, and {al[o;] + 52[0;]}. The

(40a)

(40b)

(40¢)

(41la)

(41b)

(41c)

(41d)

(41e)

(41f)

(41g)

v,

| e,




7 aforesaid disveciative recombination of molecaias fonsr

[INC*$)1 e = [NC*$) T + 69IN(*s)] + 6N2[N<“S>J
+ 8,IN(Y8)] + 2y [NC*D)] (42a)

3 [NC*$) ), = INCDY1y + 6 [NCPD) 1+ ANZ[N(ZDH
Q_ + ANO[N<2D)1 (42b)
ﬁ NP1 = [NCRY] + 5,INCPP)] (42¢)
:i [Npl, g = [Ny]g + §4IN,] (424)
: [No] . = [NOJ, + 8,[NO] (42e)
iré‘ [N02]xf = [NOz]O + 62[N02] (421)

: [0] ¢ = [0]y + 5,00 + ayplo] +A02[0]
- + 8,[0] + §4[0] (42g)
3

[0, 1 ¢ = [0,(0], + 6,[0,] (42h)
[0,(a)], ¢ = [0,(a)], (421)
[041,¢ = [03g + 6,004 (423)
[CO]xf = [CO]O + 62[CO] + 63[CO] (42k)
[C02]xf = [C02]0 + 63[C02] (421)
(Ml = [Hg + 5,[H] (42m)
[OH]xf = [OH]O + 62[0H] (42n)
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[HO,1 ¢ = [HO,], + 6,[HO,] (420)
(8,01 ¢ = [H,0]y + 6,[H,0] (42p)
[Hel ; = [Hel, (420)
[NV] = [N, + 6,INT] + 6,[N'] (42r)
(N1 = (N7, (425)
[N0F] . = [N0'], (42t)
[071,¢ = [0%1, + 86,0071 + 68,0071 + 5,[0"] (42u)
[051,¢ = (03], (42v)

[e]xf = [e]0 + AIPX + Afe] - {AIPX2 - Gz[e]}
- {14 - 63[e]i} . (42w)

Sum the final densities of N, O, C, and H nuclei, followed by
finding the fractional increases in the final values relative
to the initial values, as measures of conservation errors in

treating the Group-X deposition. One can show analytically,

as well as numerically in the code, that the nuclei are con-

served. To test charge balance, divide the difference of the
final values of positive charge density and electron density

by the electron density.

IONIZATION, SPECIES DENSITIES, AND RESULTANT PRESSURE FROM
GROUP-U DEPOSITION

In computing the species from Group-U deposition, we consider

three cases, just as we did in Subroutine PHEAT:

Case 1l: B-edge radius (SRR(2)) is smaller than the
target-cell entry radius (SR).

Case 2: B-edge (SRR(2)) is greater than the target-
cell exit radius (SRN).

Case 3: B-edge radius (SRR(2)) is between the target-
cell entry radius (SR) and the exit radius (SRN).
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The total attenuation factors (FSIGU(J)) are computed from
the summed products of Group-U fluences (F(L) = FLUX(L), photons/cmz)
and cross sections (SIGU(L,J), cmz). (Recall that the Group-U fluences
computed in Subroutine PHEAT are effective fluences, consistent with
the absorbed energy computed as the difference of the (steradianal) en-
ergy entering and leaving the cell.) The total attenuation factors are

5

A(J) = FSIGU(W) = 2 F(L) x SIGU(L,J) , J=1,17 . (43)
L=1

The attenuation factors for ionization per se of N2, OZ(X)’
and Oz(a) are obtained by subtracting terms for dissociation:

A;(1) = A(1) - SIGU(L,1)F(1) (44a)
A;€2) = A(2) - SIGU(1,2)F(1) (44Db)
A;(9) = 2(9) - SIGU(L,9)F(1) . (&44c)

The total survival probability of species J is

1

P(J) = PROBSU(J) = e~ M) ) (45)

. . + +
The branching ratios a;, a5, and aq for Moy 05,

and O;
production from N2, OZ(X)’ and Oz(a), respectively, are

a; = Ai(l)/x(l) (46a)
a, = ki(Z)/A(Z) (46b)
ag = Ai(9)/k(9) . (46¢)

SIGU(L,J) is the absorption cross-section of Species J for
Subgroup-L photons, given in Tables 4-5a, 4-5b, and 4-5c. The cur-
rently adopted values are in the columns headed Vol. 17-1 (and
entered as data in Block Data BLOCKH) and may be compared (where there
are corresponding species) with the values used for ROSCOE-Radar in
the columns headed Vol., 17. The reactions considered for Group-U
deposition, including instantaneous dissociative recombination of all
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Table 4-5b. UV_photoabsorption cross-sections (N(AS), N(ZD),

N(2P), O, NO).

uv 4 2 2
Bench- o(N('S)) a(N(°D)) a(N(°P))
ROSCOE mark
Group Group Vol. Vold Vol. Vol.
Number Number HL-73b 17-1 17= HL-73b 17-1 HL-73b 17-1
' 1 0 4.5 ) 4.85 }
1 ) 0 } 0 0 41 5 4.3 7 6 6.2
3 10.2 ) 9.95 8.6
2 4 10.7 ( 0.4 10 9.3 9.7 10.9 9.8
5 10.7 9.4 10.9
6 10.9 9.4 10.9
3 ; 11.0 10.9 10 10.6 10.0 10.8 10.9
8 11.0 10.6 10.8
4 9 11.3 1.1 10 10.3 5.7 10.46 9 8
10 10.9 9.1 f 9.1
5 11 59 } 5.9 10 2.6 | 2.6 4.0 | 4.0
uv
Bench- o (0) o (NO)
ROSCOE mark
Group Group Vol. Vold Vol.
Number Number HL-73b 17-1 17 HL-73b  17-1
{ 1 0 [ 0 10.3 } 20
| 2 o 28.9
3 2.8 2.9 3.2 210 19
A 2.9 17.8
5 3.0 23.1
6 3.1 10.8
7 3.1 3.1 3.2 333 21
8 3.2 17.3
9 7.4 85 9 19.2 } )1
10 9.6 23.3
| 11 7.6 7.6 9 22.5 | 23
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Table 4-5c.

UV photoabsorption cross-sections (NOy, 02( A )

03, H, HZO OH, HOZ’ COZ’ He) .

1
o (NO,) g (On (TAL)) 0(04,) o (H)
ROSCOE 2 2> 8 3
Group Vol. Vol. Vol. Vol.
Number 17-1 Ref. 17-1 Ref. 17-1 Ref, 17-1 Ref.
1 20 SH-66a 2.6 (g) 10 SH-66a 0
2 19 () 20 (g) 23 SH-66a 5.3 PK-76¢c
3 21 (£) 22 (g) 34 SH-66a 4.0 PK-76¢c
4 21 (£) 24 (g) 27 SH-66a 1.8 (1)
5 23 (£) 16 (&) 9 (h) ) (1)
O(HZO) 6 (OH) O(HOZ) O(COZ)
ROSCOE
Group Vol. Vol. Vol. Vol.
Number 17-1 Ref. 17-1 Ref . 17-1 Ref. 17-1 Ref.
1 9 SH-66a 9 k) 7 (1) 14 (m)
2 16.5 SH-66a 17 (k) 18 (1D 21 (m)
3 16 SH-66a 16 (k) 19 (1) 35.8 (m)
4 14 ) 14 (k) 19 (1) 31.5 (m)
5 7 (i) 7 (k) 11 (1) 21.5 (m)
o (CO0) o (He)
ROSCOE
Group Vol. Vol.
Number 17-1 Ref. 17-1 Ref.
1 ~25M) gH_66a 0
2 ~35¢°) sH-66a 0
3 ~30(P) sH-66a 0
SH-66a
4 30 1C-73 0 HK-71
5 12 1LC-73 4  HK-71
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(a)
(b)
(c)

(d)

(e)
(£)

(8)
(h)

(1)
()

(k)
1)

(m)
(n)

(o)
(P

Footnotes for Tables 4-5a, 4-5b, and 4-5c:

Sa-75a quotes bin edges at 6.2, 13.6, 15.6, 17, 30, and 82 eV.
HL-73b, Section 2.3.2.

Multiplets included in the photodeposition code FOTOKEM [HL-73a];
multiplet number from WS-66.

Volume 17 of The ROSCOE Manual, quoting Table A-1 of FS-73 (in
turn from DD-70b).

Variation in cross sections for multiplet lines is large.
o
No data are available at wavelengths below ~1000 A; therefore, we
assumed o(NOy) % o(NO).
No data are available for Oz(lA ); therefore we assumed
0(0,(1ag)) % 0(0,). &
Based on extrapolation of data in SH-66a.
Based on extrapolation of data in PK-76c¢c.

In SH-66a, data between 195 and 1085 A of J. Romand (private
communication) are given. The absolute values of these data are
significantly higher than those obtained by Watanabe and Jursa
[1964] or Metzger and Cook [1964a] as reported in Hu-71b. To
obtain o(H70) listed, the data of J. Romand were averaged and
scaled to the values of Metzger and Cook.

No data are available for OH; therefore we assumed
g(OH) % o(HZO).

No data are available for HQ,; therefore we assumed
o(HO2) % 0.5[0(09) + o(OH)] % 0.5(c(0y) + o(H20)].

Derived from measurements reported in SH-66a and LC-73.

Cross sections range from about 0 to as large as 160 Mb in the
wavelength range of Group 1.

Cross sections range from about 15 to 120 Mb in the wavelength
range of Group 2.

Cross sections range from about 15 to 60 Mb in the wavelength
range of Group 3.
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molecular ions, are given in Table 4-6.

To facilitate writing the differential equations for the
changes in species densities during the Group-U deposition, we intro-

duce the following notation.

; S(J) = A(J)/F (47a)
5
.. = 3 SIGU(L,J)f(L) (47b) ‘
i: L=1 :
s i
. where f£(L) = fractional spectral fluence
{
* = dF(L)/dF !
s !
?. dF(L) = differential fluence of Subgroup-L photons 3
~ {
dF = differential total fluence. !
* The differential equations for the species densities during ?
‘é_ the Group-U deposition are: §~
‘
|
- d[Nz]/dF = -[N2]S(l) (48a) :
{ d[0,(X)1/dF = -[0,(X)18(2) + [0415(10) (48b)
&
& dIN(3$)1/dF = -[N(*$)IS(3) + 28,[N,1S(1) + 6,[NOIS(7)  (48c)
- d[0]/dF = -[0]S(4) + 2[04(X)]S(2) + [NO]S(7)
| + [N0,1S(8) + 2[0,(a)]S(9) + [0;18(10)
i
; + [OH]S(12) + [HO,1S(13) + [CO,]S(15)
+ [CO0]S(16) (484d)

R E - "

dIN(*D)1/dF = -[N(*D)IS(5) + 2(1 - 8))[N,1S(1)

+ (1 - 82)[NO]S(7) (48e)




Table 4-6. Reactions for Group-U deposition.

Species uv
Number Reaction¥* Subgroup-L
. 4 2
i! ! ‘ ZBlN( S) + 2(1 - Bl)N( D) 1
N >
5 2 |5+ e » 28,N(%) + 2(1 - 8INC?D) 2,5
g 2 1 1
f . ‘ 0 + 0 1
2 0,(X) =
. 2 o} +e ~ 0 + 0 2,5
N 3 Ne4sy - Nt o+ e 2.5
2 4 0 > of &+ e 2,5
5 NCZD) - Nto+ e 1,5
5 6 N2y - Nt o+ e 1,5
’ 7 NO > Not+e - BZN(‘*S) + 1 -BZ)N(ZD) +0 1,5
. 8 NO, > NOS+e - NO  + 0 1,5
‘ 0 + 0 1
9 0,(a) -
2 o}t +e - 0 + 0 2.5
2
& ‘ 0,(X) + 0 1
10 o N
4 3 lot +e > 0,0 + o0 2,5
3t 2¢ »
11 H > H +e - H 2,5
; 0 + H 1
12 OH -
|oit+e - o + H 2,5
‘ OH + 0 1
13 HO >
2 |HOJ+e -~ OH + 0 2,5

(continued)




Table 4-6. (Cont'd)

Species uv
Number Reaction Subgroup-L
‘ OH + H 1
14 HO - )

. [HOJ+e > OH + H 2,5
3 ‘ co + 0 1
= |coy+e » co + 0 2,5
£ * s c + 0 1

. 16 Cco -
; |coT+e » c + 0 2,5

-

5




dNCRYI/F = -[N(PP)1S(6) (48)

d[NC]/dF = -[NOIS(7) + [NO,1S(8) (48g)

d[N0,]1/dF = -[NO,]S(8) (48h)

, df0,(a)1/dF = -[0,(a)1S(9) (481)
| d[05]1/dF = -[04]15(10) (483)
d[H]/dF = -[OH]S(12) + [H,0]S(14) (48Kk)

d[OH]/dF = -[OH]S(12) + [HO,]S(13) + [H,0]S(14) (481)

d[HO,1/dF = -[HO,]S(13) (48m)

d[H,0]/dF = -[H,0]8(14) (48n)

d[c0,]/dF = -[C0,1S(15) (480)

d[co]/dF = -[CO]S(16) (48p)

d[He]/dF = 0 . (48q)

After introducing the following notation, we write the solu-

tions to the differential equations.

G(J,K)

G(»,P,J,K)

PCFUN(A,P,J,K)

(P(K) -~ P(OHINKYI/[N(I) - A(K)] (49)




H(I,J,K)

1t

H(»,P,I,J,K)

PCFUNC(A,P,I,J,K)

A(I)G(K,J) - A(J)G(K,I)
A - Aa(d)

PCFUN and PCFUNC appear as function routines in the code.

[N

]
2 uf

B (0,07
' u

INC*s) T,

e [ol,, =

INCD) 1,

[N P(1)

]
2 xf

[02(X)]XfP(2) + [045],£G(2,10)
[NC*S)I P (3) + B,[NOI (G(3,7)
+ ZBl[Nz]fo(3,l) + 82[N02]xfﬂ(7,8,3)

[01, ¢P(4) + 2[0,(X)], £G(4,2) + [NO] £G(4,7)

X

+ [03] {G(4,10) + 2H(2,10,4)} + [OH]XVG(A,IZ)
xf ’

+ [HO,] {G(&,13) + H(12,13,4)} + {CO0]._-G(4,16)
2 <f xf

(50)

(51a)

(51b)

(51¢)

+ [C02] {G(4,15) + H(l6,15,4)} + [H20] fH(12,14,4)
X

xf

[N(2D)1 (P(5) + (1-8,)[NO],(G(5,7)

+ 2(1-61)[N2] G(5,1) + (1-82)[N02] H(7,8,53)
xf xf

[NCEP), (P (6)

(51d)

(51e)

(51f)




[N0l,p = [NOJ P(7) + [NO,] G(7,8) (51g)

[N0,] = [NO,] P(8) (51h)
uf xf
[Oz(a)]uf = [05(a)],¢P(9) (511) 1
’ [03] = [05] P(10) (513) |
uf xf

For hydrogen, set A(11) = 0 and P(11) = 1.

:; [H],¢ = [H] ; + [OH] (G(11,12) + [H,0]{G(11,14)
& + H(14,12,11)} + [HO,] H(13,12,11) (51k) :
E - xf :
;f“ [oH] ; = [OH] (P(12) + [HOz]XfG(IZ,IS) + [Hzo]xfc(lz,la) (511) é
. i
» [HO,] = [HO,] P(13) (51m) ]
uf xf :
[1,0] = [H,0] P(14) (51n)
uf xf
" [co,] = [CO0,] P(15) (510)
uf xf
[col,¢ = [CO (P(16) + [CO,] fG(16,15) (51p)
X
[He]uf = [He]xf (51Q)

For carbon, set x(C) = 0, P(C) = 1.

[C]uf = [C]xf + [CO]XfG(C,l6) + [COZ]x H(15,16,C) . (51r)

To maximize the ionization at early time, as suggested by W.

Knapp, we re-establish the molecular ions produced and dissociatively {
recombined by the Group-X and -U depositions (and allow the molecular i




ion decay to be predicted by the later-time chemistry module).

First,

record the densities of the molecular ions NZ, NO+, and 0; which under-

went dissociative recombination during Group-U deposition.

+
[Nz]u = al{[NZJXf = [Nz]uf}
[NO+]u = [NO1 ({1 - P(7)}
[o“;]u = a,1[0,(X0) 1,5 - [0,(0] g+ agll0,(a) 1 ~ [0,(a)] ¢}

Next, add in the corresponding ions from the Group-X deposition.

[M;]d : [N;]d = 5[N] + [N;]u
[M;]d = [NO+]d = §,[N0T] + [NO+]u
[ngd = [0*2']d = 5l[o;] + 6,005] + [o;]u.

(52a)

(52b)

. (52¢)

(53a)

(53b)

(53c)

We must subtract the products of dissociative recombination

from the appropriate species densities, with the constraint that N and

O atom densities remain non-negative. If limiting is required, main-

tain the fractional contributions and scale appropriately.

The total density of these molecular ions is
M, - 3 o)
d i=1 Y4

and the fractional contributions by each of the ions is

+ + :
£, = [Mi]d/[M ]d , i=1,3

+

(54)

(55)

. . . . . . +
For the dissociative recombination reactions for N%, NO', and 02 (see

Table 4-6), let Rl' R2, and R3 be the number of N(
atoms produced per dissociative recombination with fractional
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contributions by N+, N0+, and O; of fl' f and £,. Then

2’ 3
Ry = 28.f; + Bof, (56a)
R, = 2(1—sl)f1 + (l-s?_)f2 (56b)
R3 = f2 + Zf3 (56c)

For a total density of dissociative recombination equal to [M+]d,
the densities of the product atomic species are

+ .
S;q = MR, i=1,3 . (57)

The tentative final values for these atomic-species densities are

=35 i=1,3 (58)

Siuf iuv ~ Sid ’

where S, is given by Equation (51c), (5le), and (51d) for

iuv
i=1,2,3, respectively. If S. > 1 for each of the three atomic

iuf
. . s . . . +
species, no revision is required; otherwise, a new value of [M ]d

is determined:

(Siuv - 1)/Ri v Squv > 1
[M"]4 = Min : (59)
0.5 Siuv/Ri : Siuv <1
Then, revised values are computed for Sid’ Siuf’ and
+ _ + .
[Mi]d = [M ]dfi , i=1,3 . (60)
The final molecular-ion densities are
1 - [MI] + M1, i=1,3 . (61)
uf xf d

There are two equivalent ways of obtaining the atomic-ion
densities. One is to solve the differential equations and the other
is to appropriately difference the neutral species densities. The
results of the two methods can be reconciled by adding and subtracting
appropriate terms, followed by regrouping. Here we present the
results from the second method.

st




L

I"hp’

e
‘.*,.

e e i , .
"

N1 = NI+ INC')D o - INC*S)D
+ INCDY ¢ - INCDY], + NP1 - INCPY]
+ [NO]xf - [NO]uf + [NOz]xf - [N02]uf

+ 2{[N,] - [N,1 } (62)
xf uf

[0"1ys = [0"14 + [01yp - [0]y, + [NO] ¢ - [NOI,
+ [OH] ¢ - [OH] o + [CO] ¢ - [CO] ¢ + [H,0] .
X

- [Hzo]uf + 2000, (X) ¢ - [0,(XD] ¢ + [0y(a) ] ¢

- [0y(a)lys + [NO,], ¢ - [NO,] ¢ + [HO,] ¢ - [HO,] ¢

+ [co,] - [co } o+ 3{[0,] - [0,] 1} . (63)
2 xf 2]uf 3 xf 3 uf

The final electron density is

3
[elye = [NTIp+ (070 + P [M{Juf . (64)

There remains the task of devising a truly satisfactory pro-
cedure for computing a pressure increment in addition to that computed
in Subroutine PHEAT. The treatment in Subroutine PHEAT is incomplete
because the Group-U subgroups are deposited independently of each other
across an appreciable path length without accounting for either species
depletion by other subgroups or additional absorbers resulting from the
(instantaneous) dissociative recombination that is included in Sub-
routine PCHEM. (Note, however, that the partial heating computed in
Subroutine PHEAT does serve the purpose of defining effective fluences
for the Group-U subgroups that are used in Subroutine PCHEM.) Any
additional pressure increment computed in Subroutine PCHEM must be con-
sistent with (1) that computed in Subroutine PHEAT and with (2) the
return of pressure computed by the later-time chemistry in CHEMEF. The
problem is further complicated by the re-establishment of the molecular
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ions produced by the Group-X and Group-U depositions. To compensate
for (1) removing a number of N and O atoms (whose sum is 2[M+]d, con-
sisting ofSldbuas) atoms,SZdluzD) atoms, and S3d O atoms) at tempera-
ture Told’ (2) establishing a number [M+]d of molecular ions at tempera-

+
ture Tnew and a number [M ]d of electrons at temperature Tef’ and (3)
returning energies (in eV) of

E(N;) = 15.58 - 9.76 - 2(1-8,)2.37 = 3.45 (65a)
E(Og) = 12.06 - 5.12 = 6.94 (65b)
EQNOT) =  9.27 - 6.51 - (1-8,) 2.37 = 0.9825 (65¢)

each time a re-established N;, 0;, and NO+ ion dissociatively recom-
bines, we should subtract an amount of thermal energy equal to

[ty {1.5k(T + T ¢ - 2T | ) + Ey) eV/em> | (66)

new

where

= _ + + +
Ed = E(Nz)f1 + E(02)f2 + E(NO )f3 . (67)

However, as an interim approximation we shall account for only AP

given by

el Ey 16 - 10782 erg/cmd (68)

AP

P = P + AP . (69)

1 old

To ensure that the heavy-particle pressure will always be
positive, we have added the electron pressure (computed below) to the
previously-found value for the total pressure. This interim measure

needs to be reviewed and improved.

To compute the temperature TEF taken to be common to the
thermal electrons, the N2 vibrational states, and the O(lD)—to-O(3P)
population ratio, we use the GET-prepared Subroutine TEXK [Vol. 11]
which determines suvch a temperature when given [Nz], [0], [e], and the
energy per cubic centimeter (ET) to be divided among the three modes.
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As an interim measure we compute ET from

ET = 2 x 6[e]x,u + G[e]HP x Epe

where 5[e]x,u is the incremental electron density produced by the
Group-X and -U depositions, the factor 2 is an interim assumption for
the energy in the three modes per newly-formed electron in the Group-X
and -U depositions, G[e]HP is the incremental electron density produced
by the heavy-particle depositions, and E e is the sum of the electron
thermal and O(lD) excitation energies per newly-formed electron in the

heavy-particle deposition, obtained from Subroutine HPCHEM.

Sum the final densities of N, 0, C, and H nuclei, followed
by finding the fractional increases in the final values relative to the
initial values, as measures of conservation errors in treating the
Group-U deposition.

The foregoing describes the combined treatment of target
cells that are Case 1 or Case 3. For Case 1, the treatment is complete,
but for Case 3, the final cell properties are determined by volume-
weighting the two portions, one of which is inside the B-edge and the
other is outside the B-edge.

For Case 2, the entire cell is inside the B-edge and the
only remaining species are assumed to be N+, O+, and e. The tempera-

ture of both electrons and heavy particles is taken to be 1 eV.

The final step in Subroutine PCHEM is to store the cell
quantities in temporary storage BUF1l until the loop over the entire
column of target cells is completed, after which the entire column of
cell quantities is transferred to scratch storage in large-core memory.
After the energy deposition is completed for the entire grid, cell
quantities in the scratch area are transferred to Time-Slot 2.
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APPENDIX A

SPECIES FROM X-RAY DEPOSITION

A-1 INTRODUCTION

A procedure for calculating the species formed following x-
ray deposition is presented. This procedure is generally an improve-
ment over that in ROSCOE-Radar of assuming ions (of neutral species)
are formed in proportion to the densities of neutral species [HS-75b,
p. 108]. Here we take account of, not only collisional ionization,
but also dissociative ionization, collisional dissociation, colli-
sional excitation, and the dependence of ion production on arbitrary
mixes of the neutral species. In addition, a more accurate extimate

of the CO2 loss resulting from x-ray deposition is given.

A-2 PRINCIPAL SPECIES FORMATION

In this section we will initially consider ion production
from Ny, Oy, and O as absorbers; later, we include N as an absorber
and, in some parts of the calculation, NO. (The full treatment of NO
and eight other minor species is discussed in Section 4.) Later in
this section we consider the neutral species from non-ionizing colli-
sions of the slowing-down electrons. ’

To predict the ion species resulting from x-ray deposition,
we modify the relations between ion species and fractional neutral
density previously developed [MS-76a] for photon absorption. These
relations are of the form [cf. MS-76a, Equation (16)]

+ .\ %4 By °
(87;1) = a;f;" +b.f, (Ep-Ep) (Al)

where (S+;i) is the number of ions formed from absorber i per photon
absorbed in the neutral-particle mix of N, , 02, and 0. For molecular

absorbers, (S+;i) is the sum of the resulting molecular and atomic
ions, assumed to be singly charged. The quantities a, b, a, 8, and E°
are constants [MS-76a, Table 6, p. 36], Ep is the energy of the
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absorbed photon, and fi is the fractional density of absorber i among
the neutral species. 1In MS-76a, the values of the constants were
developed for the neutral species N2, 02, and 0 on the basis of photon
deposition results computed for ambient atmospheres with compositions
given by the CIRA-1972 mean atmosphere [CI-72] corresponding to the
range of altitudes from 60 to 250 km and for photon energies E_ of
33.67 eV and larger. These constants are reproduced here in Table A-1.

In using Equation (Al) for present purposes, we need to
- address three problems: (a) extending the use of Equation (Al) for
L photon energies greater than 281 eV, (b) extending the use of Equation
; (Al) for chemically-altered atmospheres, and (c) incorporating N atoms

as absorbers.

& A-2.1 Ion Formation Following High-Energy Photon Absorption in an
i f Ambient Atmosphere

The derivation of Equation (Al) and the constants of Table
A-1 were based on calculations in which the maximum photon energy was
281 eV [MS-76a]. To calculate and verify the accuracy of the ions per
absorbed photon at higher photon energies, we take two steps. Firstly,
we compute the ions per absorbed photon using Equation (Al) but exclud-
ing the ions formed in the x-ray absorption event. Thus, the counted
| ions per absorbed photon result from the slowing-down of a photoelec-
- tron formed in the x-ray absorption event. Such ions per absorbed
photon are shown to be accurate by comparison with detailed calculations
[MS-75, MS-76a] on the slowing-down of high-energy electrons. Secondly,
we modify Equation (Al) to include the results of the x-ray absorption

event for photon energies above 281 eV.

. -

Equation (Al) was derived from calculations of the absorption
of photons with energies below the K-absorption edge of both N and O
atoms., According to the x-ray deposition model previously formulated
[MS-75, Appendix B], the absorption event in this case resulted in one
electron and one ion. Therefore, to use Equation (Al) to describe only
the effect of the photoelectron slowing-down, it must be modified as

follows:

sty = (st - £, (A2)
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Table A-1. Constants used in Equation (Al) relating
absorber and species formed per absorbed
photon [MS-76a, Table 6].

.d [}
Absorber i< a; bi ay Bi Ep, eV
N2 1.06 0.0266 0.872 0.649 33.67
O2 1.26 0.0238 0.927 0.821 33.67
0 1.20 0.0350 1.09 1.30 33.67

a Later, in Section A-2.2.3 when we add nitrogen atoms as
absorbers, we shall postulate that the constants for N
are the same as those for O.

Here, (S+;i)’ is the number of ions formed from absorber i per photo-
electron and (S+;i) and fi are as defined above. The use of fi as
opposed to the accurate quantity, oifi/z:cifi (where o; is the photo-
absorption cross-section), is an approximation which introduces an
error of less than 5 percent in the case of the slowing down of a 900-
eV photoelectron. Equation (A2) will now be tested for higher-energy
(>281 eV) photons against the detailed calculations [MS-75, MS-76a].

To use Equation (A2) in the comparison with the detailed
calculations, the contributions of atomic and molecular ions to
Equation (A2) must be separated. This separation is accomplished with

the following relationships:

0.184 + 5.8 x 10™° (z-60) (A3)

f

RN+

HI

N/ + ()]
v 0.192 for z = 200 km

and

(0" /00" + (03] 0.302 (AL)

=
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where z is the altitude (km). Both of these equations are based on
calculations of electron slowing-down [MS-76a, Tables 10a-10d]. Equa-
tion (A3) gives (within about 2 percent) the ratio of the N+ ions to
the total ions derived from N, for incident electron energies in the
range from 230 to 900 eV and for atmospheric compositions corresponding
to the range of altitudes from 60 to 250 km. (See Tables 10a, 10b, 10c,
and 10d of MS-76a.) Equation (A4) gives the ratio of the O+ ions to the ;
total ions derived from 02, averaged over the range of incident electron E

energies from 230 to 900 eV.

In making the comparison between the predictions of Equation
(A2) and the detailed calculations [MS-76a], we consider a range of
energies of the x-ray photon and the incident electron. For the de-
tailed calculations [MS-76a], the selected range for the incident elec-
trons is from 230 to 900 eV; for the calculations based on Equation
(A2), the selected range for the incident photons is from 650 to 1400
eV, For this latter range, the photon energy will be above the K-
absorption-edge energy for N and O atoms and will, generally, yield
photoelectrons having energies within the range used in the detailed
calculations. However, the ranges of energies are not explicitly con-
sidered in the comparison since the quantity compared, the ion species
per ion pair, does not vary significantly over the energy range speci-
fied for either the detailed calculations or those based on Equation
(A2). The variation is generally not greater than 5 percent in the
former calculations and generally not greater than 1 percent in the
latter calculations.

The results of the calculations are given in Table A-2A in
terms of the ion species per ion pair. This quantity is calculated
from Equation (A2) by forming the ratio

m

+ .- + .- + .-
(57;1) 1p (1) 7/ X (85" . (A5)
1
The entries are averages over the energy ranges cited above for the
detailed calculations and those based on Equation (A2). For all com-
parisons, the relative error 1is not greater than about 16 percent; for

the majority of cases, the relative error is less than 9 percent.




Table A-2. Comparison of predictions using Equation (A2) with
earlier, detailed calculations.

A. Comparison of ion species per ion pair (columns 2 and 3)

60 km 110 km
Species Eq. (A2) MS-76a? % Error Tq. (A2) MS-76a? % Error
N; 0.632 0.629 0.5 0.611 0.624 -2.1
Nt 0.142 0.142 0.0 0.141 0.143 -1.4
0y 0.158 0.156 1.3 0.102 0.091 12.1
ot 0.068 0.073 -6.8 0.147 0.143 2.8
145 km 250 km
Species Eq. (A2) MS-76a2 % Error  Eq. (A2) MS-76a2 % Error
Ny 0.459 0.502 -8.6 0.198 0.217 -8.8
Nt 0.107 0.117 -8.5 0.048 0.052 -7.7
02 0.053 0.051 3.9 0.012 0.013 -7.7
0 0.382 0.330 15.8 6.761 0.719 3.1

B. Comparison of electron volts per ion pair (for 900-eV

electrons)
Altitude (km)
60 110 145 250
Eip(pe)9 34.8 35.5 32.8 28.1
Eip(e)‘-i 34.5 34.1 32.5 29.2

S,

o

1o

le.

Results for 60-, 110-, 145-, and 250-km altitude are obtained from
an average over the range 230 < U(eV) < 900 of the results from
Tables 10a, 10b, 10c,and 10d, respectively, in MS-76a.

% error = {[Eq. (A2)) - (MS-76a)]/(MS-76a)} x 100.

Calculated by using Ei (pe) = 900/(X(S+;i)-1); also see Equation
(19) of MS-76a. P i

From Table 1lla of MS-76a for U = 900 eV.
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In Table A-2B, values of the electron volts per ion pair,

are given for the detailed calculations (Ei (e)) and those based on

Equation (A2)(Eip(pe)). For this comparison, both the photoelectron

in the x-ray absorption case and the incident electron in the detailed

calculation had an energy of 900 eV.

The agreement is adequate.

There

is some uneveness in the Eip(pe) values as a function of altitude and

this is attributed to the compromises in the fitting of the parameters
in Equation (Al) to the data from the detailed calculations [MS-76a]

on photon absorption.

From the above calculations and comparisons, we find Equa-

tion (A2) to be satisfactory in computing the ion densities resulting

from photoelectron slowing-down in ambient atmospheres following
absorption of x-rays with energies of 650 eV and larger.

The ion species per ion pair in the given neutral-particle

mix, (S+)ip’ resulting from absorption of x-rays with energies above

650 eV, are given by the following equations:

+
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where
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+
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+
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In Equations (A6) through (A9), the factor 2 arises from the assumption
that in the photoabsorption event two atomic ions and two photoelectrons
are formed from each molecular absorber per absorbed photon.

In Table A-3 we compare the results obtained from Equations
(A6) through (A9) with (a) the detailed calculations modified to account
for an x-ray absorption event (by adding the ion corresponding to the
photoelectron) and with (b) the ion species obtained from the prescrip-
tion used in ROSCOE-Radar [HS-75b]. The new method of calculating the
ion species per ion pair, Equations (A6) through (A9), is shown in Table
A-3 to be a generally better approximation to the detailed calculations
than the older presciption [HS-75b]. Table A-3 applies to absorptions
in ambient atmospheres (in contrast to a chemically-disturbed atmosphere
considered in Section A-2.2).

Equations (A6) through (A9) depend on the photon energy, Ep,
through Equation (Al). However, for the number of ions per ion pair
the dependence on photon energy is sufficiently weak, provided E_ 1is
greater than 650 eV, to justify eliminating this dependence. 1If Ep in
Equation (Al) is fixed at 1400 eV, then, for photon energies greater
than 650 eV, the error in calculating the ion species from the
specialized equation will not exceed about 10 percent compared with
accounting for the energy dependence. Making this simplification leads

to the following equation:

SHiy. = (gt w bredyTe (A12)
ip i~i i7i
where
by = 1366 b; . (Al3)
A-2.2 Ion Formation in Chemically-Disturbed Atmospheres

To calculate the ion species per ion pair in chemically-
disturbed atmospheres, consideration must be given to the altered com-
position as compared with ambient atmospheres,

BB <
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Table A-3. Comparison of ion species per ion pair calculated
according to (a) the new method, (b) the detailed
method [MS-76a], and the older ROSCOE-Radar method
[HS-75b].2
+ oy b + ay + L/ + L/
z,km  Method (Nz)ip 7 E= (N )iP % E (OZ)ip % E (0 )ip % E
i 60 new 0.618 1.3 0.156 -2, 0.154 0.7 0.072 -7.7
) detailed 0.610 0.160 0.153 0.078
. old 6.790 29.5 0.000 -100 0.210 37.3 3<10-6 -100
Y 110 new 0.597 -2.0 0.155 -3, 0.099 10.0 0.148 5.0
n detailed 0.609 0.161 0.090 0.141
5 old 0.730 19.9 0.000 -100 0.120 33.3 0.150 6.4
145 new 0.450 -9.5 0.117 -10. 0.052 ~0.0 0.381 19.4
. detailed 0.497 0.131 0.052 0.319
] old 0.526 7.3 0.000 -100 0.059 15.7 0.415 30.1
e 250 new 0.194 -12.2 0.051 -12, 0.012 -8.3 0.743 4.8
; detailed 0.221 0.058 0.013 0.709 ?
¢ old 0.183 -17.2 0.000 -100 0.012 -8.3 0.805 13.5 ;
i a

The ion species per ion pair derived from the new method apply strictly
: to a 1400-eV x-ray photon; the results presented here for the detailed
= method have been averaged over those for 450-eV and 900-eV photo-
electrons and take account of the x-ray absorption event (by adding the
ion corresponding to the photoelectron). These two calculations are
regarded as comparable since, for the photoelectron slowing-down, the
resulting ion species per photoelectron are insensitive to the photo-
electron energy, at least for energies of 450 eV and larger.

% E = percent error = {[(new or old) - (detailed)]/(detailed} x 100.
Note that with this definition a negative error is formally limited
to -100%.
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A-2.2.1 Effect of Ambient Electrons

The effect of ion formation, due to thermal electron densities
significantly greater than ambient values, has been determined [MS-76a,
pp. 61,63,64] for high-energy electron deposition. For high-energy
electrons (450 and 900 eV), the ion species per ion pair were changed

4 times the

by less than about 10 percent for electron densities 10
ambient value at altitudes in the range from 100 to 250 km and about
lO11 times the ambient value at 60 km. At the upper limit to the elec~-
tron density in these studies, the steady-state approximation for the
electron energy distribution, used in the calculations, became invalid
because of the loss of non-thermal electrons via dissociative recom-
bination. Maintaining the validity of the steady-state approximation
limited the ratio of thermal electrons to neutrals at €0, 110, and 145
km to 1.5 x 10°%, 5 x 107%, and 3 x 1072
electron density of lO4 times the ambient value corresponded to an

, respectively; at 250 km, an

average of 2.6 free electrons per neutral particle. However, at 250
km, where the ratio of thermal electrons to neutrals was not signifi-
cantly limited, the change in ion species per ion pair was of the order
of 10 percent or less; thus, it is reasonable to assume that species
formation by electron or photon deposition is not strongly affected by
an increased electron density even up to 72 percent ionization at all
altitudes considered.

A-2.2.2 Effect of Ambient Ions

The effect on ion formation, due to ion densities signifi-
cantly greater than ambient values, has not been determined. A simple
prescription to partially account for their effect is developed here.

Consider the disturbed atmosphere to consist of an ion gas
(of singly-ionized particles) and a neutral gas. The fraction of the
x-ray energy deposited in the neutral gas will be modeled by assuming
that the probability that an electron expends energy on a target parti-
cle is proportional to the number density of the particle, inversely
proportional to its ionization energy I (or dissociation energy, for
molecular ions), and inversely proportional to its effective mean

excitation energy E defined by the expression




where Eip is the energy expended (eV) in forming an ion pair within the
given particle gas. For neutral and ion gases consisting of atomic and
molecular species, the portion of the total energy deposited per unit
volume, Ed, which is assigned to the neutral gas, Ejn: is given by

T
z T,

Ban/Bg = £, = S Al5
dn’"d " “n ST +2T, (415)
n . L
where
_ [n] _
T, = x> (e . n=Ny, 0y, NO, N, 0 (A16)
- [i] A, + + + +
T, = I, (1+g;) , i =N, 05, NO', N', O . (A17)

Values of the parameters entering Equations (Al4), (Al5),
(Al6), and (Al7) are given in Table A-4. The value of g for the atomic
species is taken to be unity; for O, this value is based on the fact
that the energy per ion pair in an O gas is about twice the ionization
energy [MS-76a] and for N, O+, and N+, on the assumption of similar
values. The value of g for neutral molecules is taken to be 4/3 on
the basis that E /I is 2. 24 for N2 and 2.48 for 02, for molecular ions,
g is taken to be 3/4 for N2 and 02 and 4/3 for Not under the assumption
that E is about the same as for neutral molecules. An improved basis
for assigning these values would certainly be desirable.

A-2.2.3 Addition of Nitrogen Atoms as Absorbers

In chemically-disturbed atmospheres, the density of nitro-
gen atoms may increase to represent a significant set of absorbers of
the x-ray photons. To account for this situation, we add nitrogen
atoms to the set of absorbers by modifying Equations (A6) through (A9).

Since calculations of the absorption and slowing-down process
have not been performed for atmospheres containing nitrogen atoms, we
assume that nitrogen atoms may be treated analogously to oxygen atoms
for the purpose of calculating the ion species per ion pair from Equa-
tion (Al2). 1In this case Equations (A6), (A8), and (A9) remain

A-10
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Table A-4. Parameters used in the expressions for
partitioning the deposited energy between
the neutral and ionized gases.

(®

|o

10

Species 12, ev gg Eiéb. eV/ip
N, 15.6 4/3 35
0, 12.1 4/3 30
NO 9.27  4/3 25

N 14.5 1 27
0 13.6 1 27
Ny 8.7  3/4
0y 6.7  3/4
No* 10.8 4/3

N 29.6 1

ot 35.1 1

I is the ionization energy except for the molecular
ions for which it is the dissociation energy. Values
taken from BB-74a, pp. 84,85.

Values of the energy per ion pair are nominal selections
from those computed in MS-76a for Ny, 05, and 0. The

value for N is assigned to be that %or 8 The value for ]
NO is a postulated value. ?

See text which discusses the assignment of these values.
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unchanged, but Equation (A7) becomes analogous to Equation (A9), i.e.,

+ _ + +
(N )ip = [(S N )R+ + 2fN2RN42- + (S ;N)]/1IP (A7a)
where the constants used in Equation (Al) to evaluate (S+;0) will be
taken to be those used to evaluate (S+;N), and the sum in Equation

(A10) is now over the species i = N2, 02, 0, and N,

A-2.2.4 Mean Energy Per Ion Pair

The energy per ion pair used in ROSCOE-Radar [HS-75b, p. 108]
to compute the number of ion pairs from the energy deposited is 35 eV/ip.
At high altitudes where atomic oxygen dominates the atmospheric com-
position, the use of this value can introduce an error of about 20 per-
cent. A more accurate value for the energy per ion pair in the ncutral
gas may be obtained from the prescription

Ejp = zS;fSEip(s) (A18)

where values of Eip(s) are given in Table A-4 for s = N2, 02, NO, N,
and 0. In atmospheres without NO and N, Equation (Al8) is accurate to
within about 3 percent.

A-2.3 Neutral Species Formation from Non-Ionizing Collisions

MS-76a (p. 36) notes that relations similar to Equation (Al)
could be developed for neutral species, but that no attempt was made to
do so. In the absence of such relations, we shall resort to simpler
procedures. We are mainly interested in the atoms formed when slowing-
down electrons collisionally dissociate N2 and 0,. We shall also con-
sider the excitation of Oz(a) since this species is carried in the late-

time chemistry used in the high-~altitude grid.
Let Fd denote the ratio of collisional dissociation to colli-

sional ionization, i.e.,

N2 collisional dissociation

Fg(Ny) = N, collisional ionization (Al9a)

02 collisional dissociation

Fd(OZ) = 02 collisional ionization (Al9b)

A-12
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From the data in MS-76a (Tables 10a through 10d) one can infer that,
for 900-eV electrons,

N

Fq(N,) % 0.22 to 0.31,

a range which depends on the way predissociation states are treated.
This inferred value of Fd(NZ) was obtained by using the distribution
of species per ion pair to evaluate the expression

0.5[FN(s) - N']
Fq(Ny)) = S (A20)

+
N,

where s = 4S, 2

D,

F. Gilmore has begun a review of the question of predissoc-
iation in N2 and advocates more excited-state nitrogen atoms per ion
pair than indicated in MS-76a. Gilmore [DNA IR Data Review Meeting at
AFGL, 11 April 1979] suggested 0.9 N* atoms per ion pair. 1In a
private communication on 23 April 1979, Gilmore stated his review was
continuing but that his best guess as of the moment, for the number of
nitrogen atoms per ion pair, including dissociative ionization as well
as collisional dissociation, was

0.8 N(4s) | 0.6 N(2DY, and 0.3 N(P)

If we use a value of 0,14 N+ per ion pair (obtained in MS-75, MS-76a,
and SK-75, even though Gi-74 quotes 0.18) and 0.63 N; ions per ion
pair (as obtained in MS-75, MS-76a, and SK-75; Gi-74 quotes 0.62),
then

0.5[0.8 + 0.6 + 0.3 - 0.14] _ | ,,

Fd(NZ) = 583 , (A21)

larger than that indicated in MS-76a by a factor of 5.6 to 4.0.

1t should be noted that Gilmore's guessed-values are indeed
preliminary, and that it seémed he was assuming 0.2 N(as) atoms from
dissociative ionization (in contrast to our use of 0.14 N(QS)). How-
ever, this difference doesn't change the value of Fd(NZ) much, as seen
from

A-13




0.5{0.8 - (0.2-0.14) + 0.6 + 0.3 - 0.14]
Fq(p) 0,63

& = 1.19. (A22)

Though it doesn't change the estimate of Fd(NZ)’ we note that
a possible assignment of dissociating states per ion pair is

/ 0.2n¢%s) + o.2nt
0.38(%s) + 0.38(°D)
0.3N¢%s) + 0.38(%P)

“4
S S
-t

i O S

0.15N(¢%D) + 0.15N(?D)

We don't know what Gilmore had in mind.

We need a prescription for assigning the relative abundances
of the nitrogen atom states. Values inferred by averaging values from

¢ MS-76a [Table 10a, p. 57] are
N
¢ N(*s) i N(?D) : N(%P) = 0.217 : 0.266 : 0.0013
1
. = 0.448 : 0.549 : 0.003 . (A23)
%A From Gilmore's statements we have
- Ne4s) N2y :N(PP) = 0.8 : 0.6 : 0.3
= 0.471 : 0.353 : 0.176 . (A24)

Turning to 02, one can infer from the data in MS-76a (Tables
10a through 10d) that for 900-eV electrons,

Fd(02) = 0.88 . (A25)
Based on the 900-eV electron results in Tables 10a, b, ¢, d

in MS-76a, one can show that the following fit function is satis-
factory:

A-14




e
N

PR

i "*m,

_ +
y = 109(a)/0g}; o pair (A26a)
x = [0]/[0,] (A26b)
_{4.8 , X < 0.6528
[3.486 x™3/% | x > 0.6528 . (a27)
A-3 CO, LOSS FOLLOWING X-RAY DEPOSITION

The procedure in ROSCOE-Radar for treating the loss of co,
following x-ray deposition is to assume the loss is proportional to
that of N,. Here, a more accurate estimate is made by determining
the relative loss of CO, on the basis of electron flux spectra and
known electron energy-loss functions.

The rate of loss of species S, in the framework of an energy
bin structure over the energy range, is given by

- dsl . LoWLG.os] (428)

where j is the group number for the energy bins [MS-75, p. 1l1], ¢(j) is
the electron flux per unit energy in energy bin j (electrons cm “ sec”
eV’ ), and L(j,S) is the energy-loss function (eV cm2 per electron) of
species S in energy bin j. The usual energy-loss function has been
modified by removing the contribution of processes not leading to co,
or N, loss. The energy-loss function values are given in Table A-5;
the modified values are in parentheses.

Values of the species-1loss frequency,z:j¢(j)L(j,S), are
given in Table A-6 for various altitudes and electron densities, for
both CO2 and N2' The electron flux values, ¢(j), used in computing the
species-loss frequencies were taken from the calculations in MS-76a
(data extracted from the microfiche records of these calculations).
The ratio of the species-loss frequency for €0, to that for N, can be
adequately represented by the following expression:

2 6(3)L(j,C09)
J

— 1.92 4 0.7 (1 - e"1:36%0 ) = F(y
? $(3IL(F,Ny) (A29)
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Table A-5. Energy-loss function values for co,
up to 1 keV.
Loss Function, 10716 cn? ev
Electron Energy
ev co,2 NyP
11 %0 10 (%0)€
14 1 (0.9)S 13 (0.4)
18 4 14 (3.4)
23 20 22 (12)
29 34 31 (21)
36 50 42 (32)
45 75 52 (40)
57 85 63 (50)
72 100 69 (56)
90 109 71 (58)
110 120 71 (59)
140 121 69 (59)
180 120 63 (54)
230 118 57 (49)
290 109 50 (43)
360 103 45 (39)
450 99 39 (34)
570 87 33 (29)
720 80 27 (24)
900 70 23 (20)
2 gs-724,
b

2]

MS-76a, p. 62,

Energy-loss function excluding processes not

leading to loss by target molecule, i.e.,

energy-loss function for destruction of

target molecule.
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where the fractional ionization, o, is given by

= Sar (A30)

[e] is the electron number density, and [i] is the density of the ith

neutral species. Thus, the fractional change in CO2 density is related
to the fractional change in N, density by the expression

dfco,] d[N,]
—— = F(uo (A31)

If we assume F(o) is constant, determined by some appropriate mean
value for o as the N, density changes, then we can integrate Equation

(A31) to obtain

[co,]

e = [coz]i{[Nz]f/[Nzli}F(“) . (A32)

Thus, the change in [CO,] is

Hit

§[€0,] [coz]f - [002]i

-[00,] (1 - {IN,] /DN,] 3Py (433)
i £ i
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